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Executive Summary 


introduction 


Dust reentrained from paved roads by vehicle traffic is considered to be a significant 
contributor to particulate air quality problems in several Colorado locations designated as 
PM-10 nonattainment areas. The State of Colorado is conducting technical studies 
designed to produce a better understanding of the relationship between reentrained road 
dust and PM-10 air quality. This report presents test results from a 3-year study of paved 
road emissions sponsored by the Colorado Department of Transportation (CDOT). The 
final year of the study ends on June 30, 1998. This study was divided into three tasks, as 
follows: 


1. Task 1—ldentify the size, chemical make-up, and dynamics of reentrained dust 
from roads. 


2. Task 2—Develop standardized silt loading procedures, and 
3. Task 3—Identify cost-effective particulate matter control strategies. 


While the process of paved road dust entrainment is very complex in nature, data 
collected as early as 1975 indicate a significant relationship between resuspendable dust 
loading on the pavement surface and traffic-generated fine particle emissions. This is 
clearly supported by field observations of visible dust plumes from roads with heavy 
surface loadings. Such loadings often occur at mud/dirt “trackout” points around 
construction sites and in areas where fine antiskid abrasives accumulate after winter storm 
events. 


It should be noted that most prior studies have found that non-dust components of 
particulate emissions (e.g., vehicle exhaust) from paved roads constitute a minor fraction of 
the PM-10 emissions, except for high speed roads. Also, recognizing that the dirt from 
track-on and vehicle underbody release tends to be ubiquitous, chemical composition of 
road surface material has been a relatively unsatisfactory indicator of uniqueness for paved 
road dust. 


The subject study was directed to providing answers to the following critical 
questions: 


I. What are the sources of dust on paved roads (in Colorado)? 
2. What is the relationship between surface dust loading and PM-10 emissions? 


3. How should the standardized surface loading measurement procedure be 
designed to best reflect the relationship in (2)? 
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4. What are the size and composition of paved road dust emissions? 


5. How cost-effective are available and new emission control measures that 
reduce surface loading (either by preventive or mitigative means)? 


Dynamics of Reentrained Dust From Roads 


The particle size distribution of the exposed soil or surface material determines its 
susceptibility to mechanical entrainment by vehicle traffic. The upper size limit for 
particles that can become “suspended” (i.e., having a drift potential exceeding about 100 m 
when released from a ground-level source) has been estimated at about 75 jm in 
aerodynamic diameter. Conveniently, 75 j1m in physical diameter is also the smallest 
particle size for which size analysis by dry sieving is practical. Below that particle size, wet 
sieving as a recommended method enhances particle disaggregation so that the texture of 
the material may be substantially modified in comparison with its “in place” condition. 
Particles passing a 200-mesh screen (74 1m opening) on dry sieving are termed “silt” by 
highway officials. Note that for fugitive dust particles, the physica] diameter and 
aerodynamic diameter are roughly equivalent because of the offsetting effects of higher 
density and irregular shape. 


In a series of predictive emission factor equations for fugitive dust sources, as 
published by USEPA, the silt content of an exposed dust-producing material has been used 
as a representative predictor of fine particle emissions. This applies not only to Total 
Suspended Particulate Matter (TSP, with a particle size cutpoint of approximately 30 pm in 
aerodynamic diameter) but also to the fine fraction components (PM-10 and PM-2.5). 


Previous testing has shown that typically an “equilibrium silt loading” exists for a 
given road based on its traffic volume (ADT). Under this condition, the rate of emissions 
balances the rate of deposition. If the silt loading is higher than the equilibrium, because of 
the short-term addition of surface material (e.g., from antiskid material application), the 
emissions will be temporarily elevated, so that the rate of emission exceeds the rate of 
deposition. The emissions will decay to the equilibrium value as the equilibrium loading is 
approached. On the other hand, if the silt loading is temporarily decreased by surface 
cleaning (e.g., road sweeping), the decreased emissions will gradually increase to the 
equilibrium value, as the silt loading returns to the equilibrium value. 


The equilibrium silt loading has been found to be inversely correlated with the average 
daily traffic (ADT) count. This inverse relationship in Equation 2 is consistent with the 
fact that roadways designed for high-volume traffic flow also tend to convey traffic at high 
speed (so that volume and speed are directly correlated). In addition to the self-cleaning 
effect of high-speed traffic, such roads provide less opportunity for track-on from unpaved 
areas, because of the buffering effect of paved feeder roads. 
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As roadways become cleaner, the resuspended dust component of the particulate 
emissions may lose its dominance over emissions from vehicle exhaust, from tire and brake 
wear, and from direct sloughing of particles from vehicle underbodies (tires, wheel wells, 
etc.). Therefore for such roads, silt loading may lose its effectiveness as a predictor of 
traffic-related particulate emissions from paved roadways. 


Fugitive dust particle sizing is especially difficult because the fine particles are 
irregular in shape and tend to be attached to other particles. As a result of USEPA- 
sponsored collaborative tests of paved road dust “exposure profiling” and associated 
particle sizing,” high-volume in situ inertial particle sizing (cascade impaction with 
cyclonic preseparation) has continued as the method used for more than 15 years in support 
of the particle size data published in AP-42. Nevertheless, in spite of the steps taken to 
minimize the effects of particle bounce, residual particle bounce problems associated with 
the method continue to create uncertainty in particle sizing results, especially for PM-2.5. 


Correlation Studies: Test Methods 


“Correlation Studies” were performed in the Denver area, to examine what 
relationship exists between road surface loading and roadway emissions (on either a mass 
per VMT or a mass per road mile per hour basis). These studies combined roadway 
surface sampling with near-source air quality (4- to 6-hr periods) upwind and downwind of 
the roadway source with emphasis on investigating the air quality effects of winter storm 
events at Denver test sites. Specifically, the period of enhanced paved road particulate 
emissions subsequent to drying of the sanded road surface was of greatest interest. 


Test Sites—Year 1 
Two road sites were selected for testing during Year 1: 
¢ 1-225 south of I-70: high volume, high speed traffic. 


* One-way facilities adjacent to Botanical Gardens: high volume, low speed traffic 


These sites were selected primarily on the basis of road facility type (traffic volume 
and speed) with a center city representation. 


After a given storm event, testing was performed on consecutive days (up to 6 hr 
sampling duration per day) after the road surface dried at the specific site identified for the 
test series. To the extent possible, each of the emission tests was performed during periods 
following snowfall, after the test road surface had dried. In most cases, sand application 
was ordered, because the relatively light snow conditions characteristic of the 1996 winter 
did not trigger routine sand application. 
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It should be noted that, as a general rule, a test had to be initiated by no later than 
11:00 a.m. to provide sufficient time for collecting adequate sample mass prior to evening 
disorganization of winds and to avoid interfering with the evening rush hours. Therefore, if 
the given test road dried in the early afternoon, for example, it was necessary to postpone 
testing until the next day. 


Test Site—Year 2 


Because of the problems of achieving adequate testing efficiency at the first two sites 
during the winter of 1996 (which yielded a total of six complete profiling tests), it was 
decided to take two steps in redesigning the remainder of the Correlation Studies. 


1. Move to a new “core” sampling site in an area with full wind exposure and 
other conditions that would expedite plume profiling, and 


2. Combine (a) the testing of “artificial” sanding and wetting, during periods of 
moderate weather (autumn), with (b) the testing of significant wintertime 
storm events. 


The main purpose of these changes was to increase the efficiency of profiling data 
collection and to increase PM-10 and PM-2.5 sample masses above the 1 mg adequacy 
threshold for chemical determination of elemental abundances. A test location on Kipling 
just east of the Denver Federal Center was selected as the Core Site. 


It was recognized that the pre-winter sand applications would be removed from the test 
road more quickly by traffic in comparison with the sand removal rate from freshly dried 
roads after a winter snow/ice event. This effect would resuit primarily from more rapid 
evaporation of residual moisture films in the prewinter testing and unavailability of trapped 
sand in packed snow/ice strips between lanes and along the edges of the road. However, it 
was believed that the primary result would be simply to “speed up” the removal process 
from the three to four days that it would consume in the winter to a period of about one or 
two days in the autumn. Furthermore, the results of the autumn studies could be 
transferred to the wintertime based on a comparison of the silt loading decay curves for the 
two periods. 


During Year 2, plume profiling (and associated surface sampling) was performed at 
the Core Site, as follows: 
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Test Series Test Period 
4 pre-winter baseline emission tests | mid-October 1996 


7 pre-storm correlation tests (with late October/early November 1996 
sand application) 


8 post-storm correlation tests February and March 1997 


The pre-winter baseline emission levels were needed to establish the emission impacts 
of anti-skid materials, so that credits could be assigned to emission reductions resulting 
from (a) reduced sand application, (b) more effective removal of residual sand, or (c) use of 
chemical deicers with, or in place of, sand. (Alternatively, the pre-winter baseline emission 
levels could be projected from the pre-winter baseline silt loadings.) 


Emission Testing Procedures 


The source-directed field sampling conducted in this study employed an “exposure 
profiling” approach to characterize near-source particulate mass concentrations and particle 
size distributions by height. 


Exposure Profiling 


The “exposure profiling” technique is based on the profiling concept used in 
conventional (stack) testing. The passage of airborne pollutant immediately downwind.of 
the source is measured directly by means of simultaneous, multipoint sampling over the 
effective cross section of the open dust source plume. This technique, which uses a mass 
flux measurement scheme similar to USEPA Method 5 for stack testing, does not require 
an indirect emission rate calculation through the application of a generalized atmospheric 
dispersion model. Further details of the exposure profiling mere can be found in earlier 
technical reports, such as the 1986 USEPA collaborative study.> 


For measurement of particulate emissions from the paved test roads, a three- to four- 
point vertical array of high-volume cyclone samplers was positioned approximately 5 m 
downwind from the edge of the road. The Sierra Model 230CP cyclone preseparator 
exhibits an effective 50% cutoff Ganeter (Dg) of approximately 10 1m when operated at 
a constant flow rate of 40 cfm (68 m 3/ar). The downwind distance of 5 m is far enough that 
sampling interferences due to traffic-generated turbulence are minimal, but close enough to 
the source that the vertical plume extent can be adequately characterized with a maximum 
sampling height of about 7 m. 
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Deployment for Year 1 


The equipment deployment scheme for Year 1 made use of a variety of sampling 
instruments. The principal downwind plume reference height was 2 m. A reference PM-10 
high-volume sampler (Wedding inlet) provided PM-10 samples for analysis of particle 
morphology. 


For particle sizing, high-volume air samplers equipped with cyclone preseparators and 
parallel-slot, three-stage cascade impactors were used. This equipment is consistent with 
that used to develop the particle size multipliers that accompany the AP-42 predictive 
emissions factor equations for paved roads. The Sierra Model 230CP cyclone preseparator 
exhibits an effective 50% cutoff diameter (D,9) of approximately 15 um (um) in 
aerodynamic diameter when operated at a constant flow rate of 20 cfm (34 m>/hr). The 
corresponding 50% cutoff aerodynamic diameters of the three-stage Sierra Model 233 
cascade impactor are 10.2 pm, 4.2 pm, and 2.1 pm. The backup filter provides a PM-2.1 
sample, with much larger sample mass than the fine fraction filters from the dichotomous 
samplers discussed below. The PM-2.1 sample was to be used for analysis of particle 
‘morphology. 


The other set of particle-sizing samplers consisted of Sierra Anderson Model 245 
dichotomous samplers with cut points of 10 pm and 2.5 ym. These samplers were operated 
in pairs at both the upwind and downwind locations. Within each set of paired 
dichotomous samplers, one was operated with Teflon filters and the other with quartz fiber 
filters. These sampling media were required for the chemical analyses that are described 
later. 


Throughout each test, wind speed was monitored by “wind odometers” mounted at 
three downwind heights. The vertical wind speed profile was determined using data from 
these sensors, assuming a logarithmic distribution. Horizontal wind direction was also 
monitored at a single height using an R. M. Young wind monitor. The cyclone sampling 
intakes were adjusted for proper directional orientation based on the approximate average 
wind direction measured during consecutive observation periods. 


Deployment for Year 2 


The air sampling matrix for Year 1 was carried over to Year 2, which was initiated 
with the fall 1996 test period at the Core Site. However, because shifting winds limited the 
run time on most test days, most filters were exposed on more than one test day in the hope 
of achieving sample masses that would be sufficient for chemical characterization. The 
exception was the profiling cyclones, for which filters were changed after every test. 


It should be noted that a minimum of 10% field blanks were collected for quality 


control (QC) purposes. This procedure involved handling at least one filter in every 10 in 
an identical manner as the others to determine systematic weight changes. These changes 
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were then used to mathematically correct the net weight gain determined from gravimetric 
analysis of the filter samples. During field blank collection, filters were loaded into 
samplers and then recovered without operating the samplers. 


Surface Sample Collection and Analysis 


In conjunction with the emission tests, samples of the dust on the: road surface were 
obtained. These samples were needed to characterize the test roads in terms of dust 
loading, texture, chemical composition, and particle morphology. The refined procedures 
developed as part of the silt loading method validation were used to collect and analyze 
paved road surface samples for determination of texture and loading. 


Where practical, road surface sampling focused on the segment of the particular road 
being tested. For each test, a composite sample of at least three or four component surface 
areas was accumulated. Each component area had a width that matched an active travel 
lane and a length dimension that was based on the observed surface loading in comparison 
with the requirement for sufficient sample mass. 


The MRI dustiness test chamber was used to suspend the road surface material for 
collection as PM-10 and PM-2.5 samples. The test chamber is a bench-scale device that 
generates and samples airborne particulate resulting from the dropping of bulk material 
(27 L) over a 25 cm distance to the floor of the chamber. In its standard configuration, air is 
drawn at 8.3 L/min through an open-faced 47 mm diameter filter at the top of the chamber 
for a period of 10 min beginning with the start of the 30 sec pouring period. For this series 
of tests, the chamber was modified from its standard configuration to incorporate a 
MiniVOL sampler with 2 PM-10 or a PM-2.5 inlet mounted in an inverted position. 


In the case of the broom sweeper the removal efficiency for total loading was much 
higher than the efficiency for silt loading. In contrast, the vacuum sweeper exhibited 
nearly the same removal efficiency for total loading and silt loading. Because of the 
fractional power dependence of PM-10 emissions in silt loading, the corresponding PM-10 
control efficiencies were correspondingly lower. 


Source Activity Monitoring 


Vehicle-related parameters were obtained using a combination of manual and 
automated counting techniques. Periodic manual traffic observation was used to acquire 
traffic volume data and to obtain traffic mix information. In addition, CDOT provided 
daily cycles of traffic volume for the Core Site on Kipling adjacent to the Denver Federal 
Center. 
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Chemical and Morphological Analysis 


The four “best” tests from this phase of the project were selected for “correlation 
analysis,” beyond the normal requirements for sample mass determination by gravimetry. 
Selection of these reward tests was based on occurrence of favorable conditions of the 
wind and the road surface. 


For each of the four tests selected for correlation analysis, the following analyses 
(chemistry and particle morphology) was performed in late 1997: 


e X-ray Fluorescence (37 elements) 
* Jon Chromatography: chloride, nitrate and sulfate 
* Thermal/Optical Reflectance: elemental and organic carbon 


¢ Polarized Light Microscopy: silicate minerals, rubber tire fragments, and 
elemental carbon 


Study Findings 
Surface/Ambient Correlations 


The Year 1 testing provided initial data on the mass concentrations/loadings and 
particle size distributions of in-place road surface material and airborne emissions at the 
two test sites after winter storm events. It also yielded emission factors that could be 
compared with USEPA’s predictive model. The measured emissions were generally higher 
than the AP-42 predictions but well within the predictive accuracy of the emission factor 
equation. However, the measured emission factors correlated strongly with silt loading. 


Lack of favorable wind conditions after winter storm events, which created significant 
problems in meeting the acceptance criteria for testing, limited the amount of testing that 
could be accomplished, especially wt the site adjacent to the Denver Botanical Gardens. 
The testing at the I-225 site showed that the impact of wintertime sand application on high- 
speed high-volume roads with limited access is short-lived. Once the road surface dries, the 
residual sand is quickly thrown from the active road surface except in confined locations 
around ramps. This finding is significant in concluding that the air quality impact of such 
roadways appears to be relatively insignificant. 


The Year 1 experience also demonstrated the need for selecting an additional test site 
with the more favorable wind exposure to accomplish more efficient field data acquisition 
for the remainder of Correlation Studies. Kipling Street just east of the Denver Federal 
Center was selected as the Core Site. 
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After measurement of the pre-winter baseline silt loading (Series 1) at the core site, the 
main test series (Series 2) was directed to studying the emissions resulting from sand 
application under simulated high-impact wintertime conditions of the road surface. At the 
beginning of a test day, the sand was applied and then immediately wetted. When the road 
surface had dried, the emission sampling began. Each test included both a full plume 
(exposure) profiling and a surface loading characterization. 


As expected, in the absence of the “holding capacity” of snow and ice cover, the sand 
was thrown from the road much more rapidly than would occur during a significant 
wintertime snow event. This appeared to account for higher ratios of predicted to observed 
PM-10 emissions, due to the lack of opportunity for the silt to grind into finer components. 


During this test series, a number of profiling samples were composited, to provide 
sample masses that were adequate for reliable chemical analysis. Compositing was done 
mostly for upwind samples and low-volume downwind samples. 


The samples collected during this period were combined with those collected earlier in 
determining chemical and microscopical fingerprints of road surface and airbomme 
particulate matter. Along with the mass concentration/loading and particle size data, this 
information would help establish the relationship between the road surface condition and 
the air quality impact over the winter storm cycle. 


Percentage of Road Dust in PM-10 Emissions 


Traffic generated paved road emissions consist of four components: vehicle exhaust, 
tire and brake wear, sloughing of underbody deposits, and suspended road dust. Of these 
components, only vehicle exhaust resides primarily in the fine fraction (PM-2.5) of PM-10. 
Background PM-10 on a “neighborhood” scale in a populated area surrounding an arterial 
roadway consists of roughly equal coarse and fine fractions. 


The test data suggest that for clean arterial roadways, PM-10 emissions from the 
roadway also have coarse and fine fractions that are roughly equal. In other words, the 
vehicle exhaust emissions are approximately equal to the contributions from the other road 
emission components. 


However, for the 24-hr period following a winter snow/road sanding event (i.e., just 
after the roadway has dried), the data indicate that the 24-hr average silt loading on an 
arterial roadway is in the range of 3 to 10 times higher than the winter baseline silt loading. 
For example in February 1997, the silt loading at the Core Site on Kipling was consistently 
about 0.25 g/m” until the day after a sanding event, when it increased to about 0.70 g/m? 
On the other hand in the winter of 1996, the silt loading on I-225 immediately after a 
sanding event (0.184 g/m?) dropped to 0.0127 g/m” over the following two days. 


MRI-APPLIEDI\R4291-Y2. ES-9 


Consistent with the PM-10 emission factor equation for paved roadways, the PM-10 
emissions during a period with a 5-fold increase in silt loading, will increase by a factor of 
about 3 (above the baseline emission rate). Because virtually all of these increased 
emissions are in the form of road dust, the percentage of the total PM-10 emissions from 
road traffic that consist of road dust increases from about 50% to as much as 80% or 90% 
during the “high impact” 24-hr period following road sanding. 


Prior tests of emissions from unpaved roadways and from heavily loaded paved 
roadways indicate that as little as about 10% of the PM-10 road dust emissions reside in the 
fine fraction (PM-2.5). Thus, for dry paved roadways that have been recently sanded, with 
more than 80% of the emissions in the form of road dust, the ratio of PM-2.5 to PM-10 in 
the road emissions may be as low as 10 to 15%. As the roadway returns to its baseline 
(“clean’’) condition for the season, the ratio of PM-2.5 to PM-10 emissions increases to 
roughly 50%. 


The results of chemical analysis show that silicon is the most abundant element in both 
the PM-10 source emissions aud the resuspended PM-10 components of associated road 
dust samples. This element is related to the composition of road sand used in Denver for 
wintertime antiskid contro}. Chlorine was also found to be an abundant element when the 
sand/salt mixture was applied to dry roads (artificial sanding). 


Organic carbon is also abundant in the PM-10 emission samples but much less so in 
the resuspended road dust. The microscopical analysis results show that organic carbon 
can be associated mostly with tire wear particles. The relative absence of organic carbon in 
the resuspended PM-10 component of the road dust substantiates other recent findings that 
tire particles are directly emitted, rather than resuspended, from the road surface. 
Substantial amounts of nitrate and sulfate are also present in the upwind and downwind 
PM-10 samples but not in the resuspended road dust. 


The roadway PM-2.5 impact also exhibits an abundance of silicon, chlorine (after 
artificial sanding), and organic carbon. Once again, these can be associated with the 
application of the salt/sand mixture and with the emissions of tire particles. The 
resuspended road dust PM-2.5 samples show a large silicon component but negligible 
organic carbon. As expected, soot (elemental carbon from unburned fuel) constitutes a 
larger fractional component in PM-2.5 than in PM-10. 


Emission Control Effectiveness 


In an effort to reduce the air quality impacts of wintertime sanding, various portions of 
the Denver Metropolitan Area have committed to reductions in sand application and to 
street sweeping programs to remove residual sand, as required to meet the goals of 
transportation conformity. The base year for determining the reductions is 1989. Sanding 
reductions for individual subareas, to be achieved by the year 2000, range from about 30% 
to as much as 75 %. Statistics on Denver area sand application already show substantial 
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reductions in sand application over the past few years. The 1994-1995 application rate 
typically represents a reduction of at least 30% in comparison with the period around 1990. 
Also within the 6-county area, alternative deicers are being tested in many localities. 


Understanding the relationship between road surface dust loading and PM-10 (or 
PM-2.5) emissions is critical to the evaluation of the effectiveness of (a) reduced sand 
application, (b) residual sand removal, and (c) chemical deicers in improving air quality. 
This requires an analysis of temporal cycles in surface loading around winter storm events. 
These cycles must be determined for each contro] measure, separately and in combination. 


Reduced sand application has an immediate, and predictable, effect-or-reduced PM-10 
emissions. This applies not only to the period of greatest air quality impact, when the road 
surface has dried immediately after a winter storm event, but also to the wintertime 
baseline condition. Less preferable as a contro] method is sweeping to mitigate the effects 
of road sanding. Year 2 testing of broom and vacuum sweeping effectiveness showed 
PM-10 control efficiencies of 60 to 70%, but these values were enhanced by the 
unrealistically high silt loading that was applied to a dry road for test purposes. 


Answers to Key Questions 
Q. What are the sources of dust on paved roads in Colorado? 


A. The dust on paved roads in Colorado is dominated by mineral silicates. Winter 
sanding of paved roads increases the silt loading by up to two orders of magnitude 
(above the winter baseline value) when the road dries following a winter storm. 
Trackout of soil from areas adjacent to roadways also increases in the winter 
because of higher soil moisture levels. The contribution of road wear particles to 
the silt loading is also enhanced during the winter because of freeze/thaw cycles. 


What is the relationship between surface dust loading and PM-10 emissions? 
The test data from this study strongly support the predictive emission factor 
equation for paved roads as published by USEPA. This equation contains silt 


loading as a “correction parameter” raised to the 0.65 power. 


Q. How should standardized surface loading measurement procedures be designed 
to best reflect the relationship discussed in the second question? 


A. The silt loading measurement procedures published by USEPA were refined in 


this study based on information gathered in the laboratory and field validation 
phases. The new sampling procedure is provided as Appendix A to this report. 
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Q. What are the size and composition of paved road emissions? 


Most of the wintertime PM-1!0 emissions consist of mineral silicates from road 
sanding. Directly emitted tire particles generally constitute the next largest 
portions of paved road dust emissions. This is followed by elemental carbon from 
unburned fuel. Under high surface dust loadings, the PM-10 emissions from 
paved roads have a relatively small PM-2.5 component, ranging from about 10 to 
20%. 


Q. How cost effective are available and new emission control measures that reduce 
surface loading (either by preventive or mitigative measures). 


A. Preventive methods are always more cost effective than mitigative (clean-up) 
methods. Reduction in the use of antiskid abrasives (sand) causes a direct, readily 
quantifiable reduction in PM-10 emissions. Street sweeping of residual sand, 
although relatively ineffective in reducing silt loading, has a more substantial 
benefit by reducing the reservoirs of sand accumulation in the gutters and other 
infrequently traveled areas. These reservoirs tend to feed grindable materials into 
the traveled portion of the roadway over long periods of time. Specific costs of 
silt loading (and emissions) control measures, which vary with geographic 
location, should be based on actual control application experience in the Denver 
area. 
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Section 1 
Introduction 


Dust reentrained from paved roads by vehicle traffic is considered to be a significant 
contributor to particulate air quality problems in seven Colorado locations designated as 
PM-10 nonattainment areas. The State of Colorado is conducting technical studies 
designed to produce a better understanding of the relationship between reentrained road 
dust and PM-10 air quality. This report reviews progress on a 3-year study of paved road 
emissions sponsored by the Colorado Department of Transportation (CDOT). This study is 
divided into three tasks, as follows: 


1. Task 1—Identify the size, chemical make-up, and dynamics of reentrained dust 
from roads. 


2. Task 2—Develop standardized silt loading’ procedures, and 
3. Task 3—Identify cost-effective particulate matter control strategies. 


While the process of paved road dust entrainment is very complex in nature, data 
collected by MRI as early as 1975 (Cowherd et al., 1977) indicate a significant relationship 
between resuspendable dust loading on the pavement surface and traffic-generated fine 
particle emissions. This is clearly supported by field observations that visible dust plumes 
are observable only on roads with heavy surface loadings. Such loadings often occur at 
mud/dirt “trackout” points around construction sites and in areas where fine antiskid 
materials accumulate after winter storm events. 


It should be noted that most prior studies have found that non-dust components of 
particulate emissions (e.g., vehicle exhaust) from paved roads constitute a minor fraction of 
the PM-10 emissions. Also, recognizing that the dirt from track-on and vehicle underbody 
release tends to be ubiquitous, chemical composition of road surface material has been a 
relatively unsatisfactory indicator of uniqueness for paved road dust. 

The subject study is directed to providing answers to the following critical questions: 

1. What are the sources of dust on paved roads (in Colorado)? 


2. What is the relationship between surface dust loading and PM-10 emissions? 


3. How should the standardized surface loading measurement procedure be designed 
to best reflect the relationship in (2)? 


" Silt loading refers to the size fraction of the dust loading on the paved road surface that passes a 
200-mesh screen (75-11m opening); it is measured in units of grams per square meter of road surface area. 
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4. What are the size and composition of paved road dust emissions? 


5. How cost-effective are available and new emission control measures that reduce 
surface loading (either by preventive or mitigative means)? 


The remainder of this report is organized as follows: Section 2 provides technical 
background information. Section 3 presents the results of the Silt Loading Validation 
Study. Section 4 describes the test methods used in the Correlation Studies. Section 5 
presents the results of the Correlation Studies conducted at the Core Site on Kipling in the 
fall of 1996 and winter of 1997. Section 6 describes the particle analyses for chemical and 
microscopical characteristics. Section 8 summarizes the findings of the study. Finally, 
Section 9 lists the references. 


The appendices to this report contain supporting information. Appendix A presents 
the sampling procedure for road surface silt loading that was developed in this study. 
Appendix B provides the field and laboratory data from the correlation studies, and 
Appendix C presents an example calculation from the Exposure Profiling method. 


Additional supporting data are available in the Supplement to the Final Report. It 
contains data from the chemical and microscopical analyses that were performed as part of 
this study. It also contains data from the road surface sample collection and analysis 
activity for determination of silt loadings. 
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Section 2 
Background 


This section presents background information for each of the three study tasks. 


2.1. Size, Chemical Make-up, and Dynamics of Reentrained 
Dust from Roads 


The particle size distribution of the exposed soil or surface material determines its 
susceptibility to mechanical entrainment by vehicle traffic. The upper size limit for 
particles that can become “suspended” (i.e., having a drift potential exceeding about 100 m 
wher released from a ground-level source) has been estimated at about 75 1m in 
aerodynamic diameter (Cowherd et al., 1974). Conveniently, 75 :m in physical diameter is 
also the smallest particle size for which size analysis by dry sieving is practical (ASTM, 
1984), Below that particle size, wet sieving as a recommended method enhances particle 
disaggregation so that the texture of the material may be substantially modified in 
comparison with its “in place” condition. Particles passing a 200-mesh screen (74 pm 
opening) on dry sieving are termed “silt” by highway officials. Note that for fugitive dust 
particles, the physical diameter, and aerodynamic diameter are roughly equivalent because 
of the offsetting effects of higher density and irregular shape. 


Throughout Chapter 13 of the Emission Factor Handbook (AP-42) published by 
USEPA (1995), the silt content of an exposed dust-producing material has been used as a 
representative predictor of fine particle emissions. This applies not only to Total 
Suspended Particulate Matter (TSP, with a particle size cutpoint of approximately 30 pm in 
aerodynamic diameter) but also to the fine fraction components (PM-10, PM-2.5, and 
PM-1.0). 


The AP-42 predictive emission factor equation for paved roads is as follows: 


E = k (sL/2)° (w73)! (1) 
where: E = _ particulate emission factor 
k = base emission factor for particle size range and units of interest (see 
below) 
s~L = road surface silt loading (grams per square meter) (g/m?) 
W = average weight (tons) of the vehicles traveling the road. 


This equation uses silt loading and average vehicle weight as predictors of the emission 
potential of a paved road surface. 
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It is important to note that Equation 1 calls for the average weight of all vehicles 
traveling the road. For example, if 99% of traffic on the road are 2-ton cars/trucks while the 
remaining 1% consists of 20-ton trucks, then the mean weight “W” is 2.2 tons. More 
specifically, Equation 1 is not intended to be used to calculate a separate emission factor 
for each vehicle weight class. Instead, only one emission factor should be calculated to 
represent the “fleet” average weight of all vehicles traveling the road. The particle size 
multiplier (k) above varies with aerodynamic size range as follows: 


Particle Size Multipliers for Paved Road 
Multiplier k° 


Size range” G/VMT 


. Refers to airbome particulate matter (PM-x) with an aerodynamic diameter equal to or less 
than x micrometers. 

ss Units shown are grams per vehicle kilometer traveled (g/VKT), grams per vehicle mile 
traveled (g/VMT), and pounds per vehicle mile traveled (Ib/VMT). 

°  PM-30 is sometimes termed “suspendable particulate" (SP) and is often used as a 
surrogate for TSP. 


To determine particulate emissions for a specific particle size range, use the 
appropriate value of k above. 


Previous testing has shown that typically an “equilibrium silt loading” exists for a 
given road based on its traffic volume (ADT). Under this condition, the rate of emissions 
balances the rate of deposition. If the silt loading is higher than the equilibrium, because of 
the short-term addition of surface material (e.g., from antiskid material application), the 
emissions will be temporarily elevated, so that the rate of emission exceeds the rate of 
deposition. The emissions will decay to the equilibrium value as the equilibrium loading is 
approached. On the other hand, if the silt loading is temporarily decreased by surface 
cleaning (e.g., road sweeping), the decreased emissions will gradually increase to the 
equilibrium value, as the silt loading returns to the equilibrium value. 


The equilibrium silt loading has been found to be inversely correlated with the average 
daily traffic (ADT) count (Cowherd and Englehart, 1984), as follows: 


s~L = 21.300" (2) 
where: sZ = surface silt loading (g/m?) 
VY = average daily traffic volume (vehicles/d) 
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The inverse relationship in Equation 2 is consistent with the fact that roadways 
designed for high-volume traffic flow also tend to convey traffic at high speed (so that 
volume and speed are directly correlated). In addition to the self-cleaning effect of high- 
speed traffic, such roads provide less opportunity for track-on from unpaved areas, because 
of the buffering effect of feeder roads. 


As noted in the Introduction, most prior studies have found that non-dust components 
of particulate emissions (e.g., vehicle exhaust) from paved roads constitute only a minor 
fraction of the PM-10 emissions. Also, recognizing that the dirt from track-on and vehicle 
underbody release tends to be ubiquitous, chemical composition of road surface material 
has been a relatively unsatisfactory indicator of uniqueness for paved road dust. 


Of course, as roadways become cleaner, the resuspended dust component of the 
particulate emissions may lose its dominance over emissions from vehicle exhaust, from 
tire and brake wear, and from direct sloughing of particles from vehicle underbodies (tires, 
wheel wells, etc.). Therefore for such roads, silt loading may lose its effectiveness as a 
predictor of traffic-related particulate emissions from paved roadways. 


The functional form(s) of the relationship between fine particle emissions and silt 
loading can be better defined by increasing the availability of reliable test results based on 
sound study designs and test methods. Temporal and spatial variations in silt loading (and 
emissions) make this assessment more difficult and require a larger database of emission 
tests. 


Reliable emission factors for paved road dust (or any other sources) entail two critical 
requirements: 


1. Availability of accurate emission rates from test roads (before and after control 
application). 


2. Representative test sites and conditions relative to the paved road population of 
interest. 


Of course, more data points alone cannot improve the reliability of emission factors. 
Any data gathered to augment the basis for emission factor development must be both 
accurate and representative to be useful. 


Fugitive dust particle sizing ts especially difficult because the fine particles are 
irregular in shape and tend to be attached to other particles. As a result of USEPA- 
sponsored collaborative tests of paved road dust “exposure profiling” and associated 
particle sizing (Pyle and McCain, 1986), high-volume in situ inertial particle sizing 
(cascade impaction with cyclonic preseparation) has continued as the method used for 
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more than 15 years in support of the particle size data published in AP-42. Nevertheless, in 
spite of the steps taken to minimize the effects of particle bounce, residual particle bounce 
problems associated with the method continue to create uncertainty in particle sizing 
results, especially in the finer fractions of PM-10. 


2.2 Standardized Silt Loading Procedures 


Although a standard method exists for collecting and analyzing sult loadings on paved 
roads, it has never been collaboratively tested. This method was developed by MRI and is 
published in USEPA’s Compilation of Air Pollutant Emission Factors (AP-42), 
Appendices C1 and C2. MRI has studied the use of different vacuum devices for collecting 
surface samples, and has found the natural variations in silt loading to be significantly 
greater than the variations created by using different vacuum devices. The greatest 
uncertainty in the method comes from the somewhat subjective judgment as to the line of 
demarcation between traveled and untraveled (e.g., curbed) portions of a paved road. 
Typically there is a sharp increase in loading on the untraveled portion. 


The need for standardized procedures to collect and analyze paved road surface 
loadings is clear. As one example, consider that in a 1989 study of Denver roads, PEI 
Associates found a very strong correlation (significant well beyond the 1% level) between 
silt loading and measured emission factors for both “baseline” and sanded roadways (PEI 
Associates, 1989). On the other hand, no such relationship was found when RTP 
Environmental Associates used the same sampling plan in a 1990 study (RTP Environ- 
mental Associates, 1990). However, the 1990 road surface samples underwent wet sieving 
rather than the dry sieving procedure routinely used in fugitive dust studies. Results from 
the two types of sieving are not comparable. When the 1989 and 1990 databases were 
combined, the correlation disappeared, not unexpectedly. This led to a different approach 
to paved road emission factor development for the Denver area, as described above. 


The question is often raised as to why resuspended PM-10 is not used in place of silt 
as a predictor of fine particle emissions. This would require that the surface sample be 
resuspended as the basis for determining its PM-10 component. The complex equipment 
and procedures for laboratory resuspension and PM-10 collection are available only in a 
few laboratory facilities nationwide. In addition, such methods are not standardized and 
have never been subjected to collaborative testing. Conversely, standard sieving to 
determine the dry silt fraction of a collected road surface sample can be performed by 
almost any testing laboratory. Finally and most importantly, the silt loading has been 
shown to be effective as a predictor for PM-10 emissions as well as total particulate 
emissions; this seems to reflect the existence of a consistent particle size distribution in the 
silt formed by fracturing processes. 


eee 2 eee 
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MRI has long advocated both the development of standardized sampling/analysis 
methods as well as greater emphasis on quality assurance (QA) guidelines for paved road 
surface loading measurement. Our past studies (e.g., MRI, 1991) have found that total 
loading (i.¢., total mass of loading, without regard to particle size) can vary between 
different vacuum cleaners and even different persons operating the same cleaner. Silt 
loading, on the other hand, has been found to be far less dependent. In addition, 
recognizing that surface loading can vary substantially along a road, the use of “embedded” 
collocated samples, as described in Section 3, is effective in smoothing out these 
variations. 


2.3 Cost-Effective Particulate Matter Control Strategies 


Methods for controlling dust emissions from paved roads focus on reduction of 
suspendable surface material. Preventive methods of control (i.e., those that reduce sources 
of elevated surface loadings) are generally much more cost effective than mitigative 
methods of control (i.e., those that entail removal of materials that constitute the elevated 
surface loading). The use of silt loading as a predictor of dust emission potential provides a 
direct, quantifiable measure of the effectiveness of the control. 


Periodically applied contro] measures begin to decay in effectiveness almost 
immediately after implementation. Consequently, a single-valued control efficiency is 
usually not adequate to describe the performance of an periodic control. 


In order to quantify the performance of a specific period control, two measures of 
contro! efficiency are required. The first is “instantaneous” control and is defined by 


c(t) ~ | 1 - <<] x 100% (3) 
é 


& 


where: c(t) = instantaneous control efficiency (%) 

e(t)= instantaneous emission factor for the controlled source 
= uncontrolled emission factor 

tf = time after control application 
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The other important measure of periodic control performance is average efficiency, defined 
as 


T 
1 
C(T) = — | c(dt 4 
Os (4) 
where: C(T) = _ average control efficiency during the period ending at time T after 
application (%) 


c(t) = instantaneous control efficiency at time t after application (%) 
T = time period over which the average control efficiency is referenced 


The average control efficiency values are needed to estimate the emission reductions due to 
periodic applications. 


The data on effectiveness of paved road dust controls are very limited and need to be 
expanded (Cowherd, et al., 1988). This reflects the challenges of fugitive dust emission 
measurement for tests of controlled road sections, because reduced silt loadings require 
that sampling times be lengthened. Moreover, control application parameters and ensuing 
traffic conditions need to be quantified just as carefully as the emission rate. 


The MRI/AlphaTRAC approach to cost-effectiveness analysis is presented in the 
Technical Information Document that MRI prepared for USEPA in 1992 (USEPA, 1992). 
Cost effectiveness is simply the ratio of the annualized cost of the emissions control to the 
amount of emissions reduction achieved. Mathematically, cost effectiveness is defined by: 


Cs = 5) 
* = 
AR 
where: C* = cost-effectiveness, $/mass of emissions reduction 
C, = annualized cost of the contro] measure, $/year 
AR = reduction (mass/year) in annual emissions 


This general methodology is equally applicable to different controls that achieve equivalent 
emissions reduction on a single source and to measures that achieve varied reductions over 
multiple sources. 


The most common basis for comparison of alternative contro] system is that of 
annualized cost. The annualized cost of a fugitive emission control system includes 
operating costs such as labor, materials, utilities, and maintenance items as well as the 
annualized cost of the capital equipment. The annualization of capital costs is a classical 
engineering economics problem, the solution of which takes into account the fact that 
money has time value. These annualized costs are dependent on the interest rate paid on 


MRI-APPLIEDIR429[-¥2 8 


borrowed money or collectable by the plant as interest (if available capital is used), the 
useful life of the equipment, and the depreciation rates of the equipment. 


Mathematically the annualized costs of control equipment can be calculated from: 


C, = CRF(C,) + C, + O5C, (6) 
where: C, = annualized costs of contro] equipment, $/year 
C. = Capital Recovery Factor, l/year 
Cc = _ installed capital costs, $ 
of = direct operating costs, $/year 
0.5 = — overhead factor 


Capital costs for purchase and installation include freight, sales tax, and interest on 
borrowed money. The operation and maintenance costs reflect increasing frequency of 
repair as the equipment ages along with increased costs due to inflation for parts, energy, 
and labor. On the other hand, costs recovered by claiming tax credits or deductions are 
considered as income. 
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Section 3 
Silt Loading Method Validation 


This section describes the laboratory and field phases of the silt loading method 
validation. The laboratory validation was performed at MRI’s main facility in Kansas City 
during May of 1996 (Year 1), and the field validation was performed at a Denver test site 
in September of 1996 (Year 2). 


3.1 Laboratory Validation [Year 1] 


This section describes a laboratory study that was performed to determine the 
efficiency of vacuuming as a technique for recovery of known amounts of silt loading 
(g/m?) from flat surfaces. The dust characteristics, surface loadings, surface texture, and 
vacuuming devices were selected to represent ranges of field conditions encountered in 
performing paved road silt loading measurements according to the methodology 
promulgated by USEPA in AP-42. Although methods for collection and analysis of surface 
particulate samples from paved roads already exist in Appendix C-J and C-2 of AP-42, 
these methods have never been fully investigated for quantitated uncertainty.” 


Study Objectives 

The purpose of this laboratory study was to characterize the performance of the 
vacuuming method for collection and analysis of surface materials as the basis for 
determining silt loading (g/m?) on paved road travel Janes. Specifically, this study was 
directed to quantify total mass loading recovery associated with different vacuum devices, 
surface loadings, particle size distributions and surface textures. 

The following parameters were varied in these experiments. 

1. Surface roughness (3 test surfaces) 

2. Size distribution of surface material (2 test dusts) 


3. Level of surface loading (3 test loadings) 


4. Type of vacuum devices (2 test devices) 


? A limited study was performed for USEPA by MRI in 1991 (MRI, 1991). 
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The tests were designed to examine the following potential sources of inaccuracy in 
silt loading measurement: 


1. Incomplete pick-up of surface material 
2. Line losses between pick-up head and collection bag 
3. Fine particle penetration of collection bag 
4. Losses during removal of sample from collection bag 
5. Losses during sieving of sample. 

Equipment Configuration and Test Materials 


Paved road surfaces were simulated by 4 ft by 8 ft panels that lay flat on the floor and 
were mounted in external frameworks of 2" by 6"s ribbed with 2" by 4"s. A tempered 
masonite panel represented the limiting case of a smooth surface, and a coated fiberboard 
panel provided a rough textured surface. The rough texture was applied to the fiberboard 
panel using a masonry/basement paint containing Portland cement and silica (a 
waterproofing and sealing paint containing soya alkyd resin and mineral spirits from Wel- 
Cote Manufacturing Company). A third surface was a smooth metal surface used to 
determine vacuum bag penetration losses. 


Simulated paved road surface loadings were prepared using two test materials. These 
test materials were blended from mixtures of a fine grade of Ottawa Foundry Sands (U.S. 
Silica sand F-70 and standardized Arizona coarse road dust—see size distributions in 
Figure 2). Two proportions of Arizona road dust to sand (0.1:1 and 0.46:1) were used to 
create test materials having 10% silt and 30% silt contents, respectively. A salt shaker was 
used to dispense pre-weighed material for different surface loadings on the 4 ft by 8 ft 
surface, excluding 2.5"-wide strips along the edges. 


Two vacuum cleaners were used to collect the deposited material from the wood 
panels into tared bags for gravimetric analysis. The first device was a Dayton portable 
vacuum; the second vacuum was a Tornado model used by MRI on most previous road 
vacuuming tests. Standard vacuum bags supplied with each device were utilized. Both 
devices were equipped with backup foam filters. 
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Test Parameters 


The test parameters that were characterized are listed below. 


Surface texture 

A. Smooth masonite 4 ft by 8 ft panel 

B. Fiberboard 4 ft by 8 ft panel coated with masonry paint applied with roller; panel 
is dried and well-vacuumed before onset of testing 


Silt content of surface material 
Two test dusts were created from the U.S. Silica F-70 fine sand and Arizona SAE 
coarse test dust using proportions specified above. 


A, Test dust with 10% silt content 
B. Test dust with 30% silt content 


Surface loading 
A. Test dust with 10% silt content applied at 10 g/m (heavy loading) 


B. Test dust with 30% silt content applied at 2 g/m* (medium loading) 
C. Test dust with 30% silt content applied at 100-200 g/m? (very heavy loading) 


Vacuum cleaner 
A. Dayton vacuum cleaner (portable handheld bench Model 2Z437F) 


B. Tornado vacuum cleaner (Model Super 100) 


Test Protocols 


Two test protocols were utilized. Test Protocol I involved multiple vacuumings of a 
4’ x 8' surface area to collect sufficient mass for weighing. The steps involved in Test 
Protocol I are described below. 


1. Condition surface to be tested. Surface will be conditioning by applying equal 
portions of U.S. Silica F-10 fine sand and Arizona SAE coarse road dust to panel 
surface using a soft bristle brush. 


2. Thoroughly vacuum the panel after conditioning. Use bag that will not be 
weighed. 


3. Start actual test procedure by placing new, tared bag and backup filter on vacuum 
cleaner. 


4. Calculate number of tests required to obtain sufficient bag sample from desired 


loading. Based on tare weights of the bags, the Dayton bag requires a minimum 
80 g of sample; the Tomado bag requires a minimum of 180 g of sample. 
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2, 


t3. 


Prepare sample containers of U.S. Silica F-10 fine sand and Arizona SAE coarse 
road dust. Determine and record weights of each container. 


From each container, weigh appropriate amounts of two selected test materials 
into a salt shaker for selected loading of panel. Swirl test materia] in shaker unti! 
visibly well mixed. 


Sprinkle test dust onto panel surface, taking care to distribute evenly up to 2.5" of 
the edges/side frames. 


Vacuum the panel according to method utilized in field sampling for the selected 
vacuum model, 


Repeat steps 4 through 6 until sufficient sample has been collected. 


. Remove vacuum bag and backup filter and weigh immediately on Sartorius 


electronic balance; store bag and filter in separate plastic bags for later audit 
weighing. Examine and document appearance of backup filter as an indicator of 
pass-through of dust through vacuum bag. 


. Determine and record final weights of each container, as a check on the total 


amount of test material weighed into the salt shaker and deposited on the panel. 


Record test data and provide comments on any test deviations in laboratory 
notebook or on data form, especially noting variations in test conditions or 
vacuuming operation, e.g., “forward/back motion estimated to cover each area 
twice.” 


Place new tared bag on vacuum cleaner; physically agitate vacuum to loosen any 
trapped material. Remove bag, weigh, and store appropriately for audit weighs. 


Test Protocol Il was conducted on a smooth metal surface to characterize vacuum 
performance and bag collection efficiency. Steps are presented below for the tests of 
vacuuming total sample mass within an approximate 1 min test duration. 


1; 


Start actual test procedure by placing new, tared bag and backup filter on vacuum 
cleaner. 


For Dayton vacuum, apply 80 g of test dust in pile on clean metal surface; for 
Tornado vacuum, apply 180 g of test dust to surface. 


Vacuum all material from metal surface, observing and documenting auditory 
changes in motor speed due to overloading (clogging) of bag and total time to 
remove all material from surface. 
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4. Remove vacuum bag and backup filter and weigh immediately on Sartorius 
electronic balance; store bag and backup filter in separate plastic bags for later 
audit weighing. 


5. Record test data and provide comments on test in laboratory notebook or on data 
form. 


Samples of each of the three test materials were collected for later particle size 
analysis. Photographs were taken to document the test equipment setup. 


Test Matrix 


The test matrix is shown in Table 1. Except for the lowest loading, which required 
vacuuming of the test panel in more than 30 increments, each test was replicated to 
determine test precision. Following each test, the tared vacuum bag and backup filter were 
removed and final weighed. A second test bag collected any materials that could be shaken 
loose from the vacuum after sampling. Additional untared bags were utilized for clean-up 
and throwaway purposes after surface conditioning. In the bag penetration tests, known 
amounts of dust were added directly into the vacuum device inlet, so that no pickup or line 
losses were involved. 


Vacuum collection efficiency was characterized by comparing bag and backup filter 
sample masses to the amount of test dust applied to the surface (or injected directly into the 
vacuum inlet). 


As shown in Table 1, the surface recovery percentages were close to 100% in all cases. 
They averaged about 99% for the smooth test surfaces. The first series of test of recovery 
from the rough surface (runs 4, 5, and 6) showed slightly more than 100%; this is believed 
to be the result of small quantities of poorly bound silica in the masonry/basement paint. 
This effect disappeared in later runs where recoveries dropped to as low as 97%. The bag 
penetration tests showed about 99% recovery of the injected materials. 


The surface recovery experiments were designed to examine the impacts associated 
with the first two sources of potential inaccuracy: pick-up and line losses. The bag 
penetration tests were directed to the third source of inaccuracy. Examination of actual data 
from recent paved road studies were used to assess the final two potential sources of 
inaccuracy: losses during sample removal from the collection bag and during sieving. 
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Table 1. Results of Laboratory Vacuuming Tests 


- 


Surface 
Silt loading Bag 
content (%)  (gm*) _—s recovery (%) 


Dayton Smooth—masonite 
Dayton Smooth—masonite 
Dayton Smooth—masonite 
Dayton Smooth—masonite 
Tomado Smooth—masonite 
Tornado Smooth—masonite 
Smooth—steel 


Smooth—steel 


Dayton Rough—masonry paint 


Dayton Rough—masonry paint 
Dayton Rough—masonry paint 
Tomado Rough—masonry paint 
Tornado = Rough—masonry paint 
Dayton Rough—masonry paint 
Dayton Bag penetration test 
Dayton Bag penetration test 
Tomado Bag penetration test 


Tornado _Bag penetration test 


Significant amounts of actual data on losses during bag dissection and sieving are 
available from two prior MRI studies of contributors to elevated surface loadings on paved 
roads: antiskid materials and trackout from construction sites. In the study of the air quality 
impacts of antiskid materials (Kinsey, 1995), 68 samples were collected; the average loss 
of sample during bag dissection and sieving was 1.4% with a range of 0.1% to 4.1%. In the 
study of the air quality impacts of trackout from construction sites (Raile, 1996), 165 
samples were collected; the average loss of sample was 1.0% with a range of 0.5% to 
6.3%. 


The errors in the method associated with incomplete recovery of surface material are 
small in comparison to the spatial (and temporal) variations in silt loadings on paved 
roadways. In the study cited earlier (MRI, 1991), the lowest percent differences in 
“colocated” samples obtained from two roads in the Kansas City area ranged from 10% to 
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22% when the “‘stick-broom” was used. When the heavy-duty vacuum cleaner was used, 
the percent difference in colocated samples increased substantially (43-69%), due in large 
part to the lack of sample mass in comparison to the bag weight. 


3.2 Field Validation [Year 2] 


This section presents the results of the field validation tests in September of 1996 to 
determine the interlaboratory reproducibility of silt loading measurements at paved road 
and parking lot test sites in the Denver metropolitan area. 


The paved road surface sampling was performed independently by MRI and 
AlphaTRAC personnel, following the procedure that was included as an appendix to our 
final report for Year 1. Both laboratories used the Tornado Model Super 100 vacuum 
cleaner. This mode! was also used (along with the Dayton Model 2Z437F) in the 
laboratory study of silt collection efficiency, also described in the Year | report. 


A total of five paved surface areas were sampled: 
¢ Two segments of Kipling near the location of the Core Site for the Correlation studies 
* Ohio Street near Fenton 
* Two areas of the parking lot on the east side of Kipling and adjacent to the Core Site 


At each location, alternating (colocated) strips of equal area were identified for 
sampling by AlphaTRAC and MRI. The strips were marked with colored string. The 
overall size of each sampling area, within which the strips were imbedded, reflected the 
visually estimated loading on the paved surface. For example, because Kipling itself 
showed little evidence of surface loading, a very large area was sampled to provide 
adequate sample mass. 


The two laboratories functioned independently in collecting the samples. The 
laboratories started sample collection at opposite ends of the set of colocated strips. The 
persons collecting the samples did not talk to one another about sampling methods at any 
time during the field exercise. A separate MRI employee (who did not actually collect any 
samples) demarcated and assigned stnps to the two laboratories. That employee also 
assigned sample identification labels and kept measurement records of site parameters. 


The collected samples (in vacuum bags) were returned to the MRI laboratories in 


Kansas City for analysis. Again, the specified procedure was followed. The analysis was 
performed by an individual who was not present in the field. 
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The results of the validation study are shown in Table 2. (in the table, “A” refers to 
AlphaTRAC and “M” refers to MRL) Interlaboratory agreement on measured silt loading 
was excellent on the roadway areas but poor on the parking lot areas. This poor 
comparison on the parking lot appears to reflect uneven distributions in silt loading which 
could not be compensated by the layout of sampling strips. 


It is interesting to note that MRI consistently collected a larger total sample mass (with 
lower silt content) than AlphaTRAC; this is reflected by the significant differences in total 
loading. However, the sample mass differences were concentrated in particles larger than 
75 maicrometers, so that the calculated silt loadings were relatively unaffected. In other 
words, subjective differences in the vacuuming technique appear to affect the total sample 
mass but not the silt loading, because of its relative ease of pick-up from the road surface. 


It is also interesting to compare the silt loadings measured on Kipling and Ohio with 
those obtained earlier on J-225 and the roads adjacent to the Botanical Gardens. The silt 
loading on J-225 ranged from 0.184 ga’ at the end of the day during which sand was 
applied to an average of 0.0127 g/m* over the next two days. The silt loading at the 
Botanical Gardens site was 1.47 g/m” shortly after a sand application. 


Thus the pre-winter baseline on Kipling was only about twice that measured on J-225, 
at the time when most of the sand had been stripped from the road surface of I-225. Also, 
the consistency of the measured silt loading on the two sections of Kipling is remarkably 
good. 


It can be concluded that the interlaboratory variation of silt loading measurements in 
this study was small compared to the expected differences between the pre-winter baseline 
and the wintertime values of silt loading on roads that are subjected to winter sand 
application. 
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Table 2. Interlaboratory Comparison of Silt Loading Data 


Silt 
Loading | Content 
(g/m?) (A) 


Core Site Parking 
Lot—Area A 
(Even Strips) 


9/10/96 


Core Site Parking 
Lot—Area A 
(Odd Strips) 


Core Site Parking 
Lot—Area A 

(QA Solit for Lab A 
Sample) 


Core Site Parking 
Lot—Area B 
(Odd Strips) 


9/10/86 


9/10/96 


Core Site Parking 
Lot—Area B 
(Even Strips) 


9/10/96 | Kipling (North of 0.25 10.7 0.027 
Cedar) 
9/10/96 | Kipling (North of A 4250 0.10 29.4 0.028 
Cedar) 
9/10/96 | Ohio (West of 7.81 0.47 
Fenton) 
9/10/96 | Ohio (West of A 14.4 
Fenton) 
9/11/96 | Kipling (North of 5890 17.8 0.021 
Fletcher School) 
9/11/96 | Kipling (North of A 5875 0.14 0.028 0.025 
Fletcher School) 
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Section 4 
Correlation Studies: Test Methods 


The subject scope of work called for the performance of “Correlation Studies” in the 
Denver area, to examine what relationship exists between road surface loading and 
roadway emissions (on either a mass per VMT or a mass per road mile per hour basis). 
These studies, which were conducted under Task !, combined roadway surface sampling 
with near-source air quality (4- to 6-hr periods) upwind and downwind of the roadway 
source with emphasis on investigating the air quality effects of winter storm events at 
Denver test sites. Specifically, the period of enhanced paved road particulate emissions 
subsequent to drying of the sanded road surface is of greatest interest. 


4.1 Test Sites—Year 1 


The siting criteria for the paved road test site were difficult to meet in the Denver area. 
The criteria, in order of priority, are as follows: 


1. Atleast 3,000 passes per day between 10:00 a.m. and 6:00 p.m. 


2. Location in open, relatively flat terrain with road orientation roughly norma! to 
expected wind direction. 


3. Divided road (maximum of three lanes in either direction) with 30 ft median 
-Or- 
4-jane, undivided road with possible fifth (tum) lane, or narrow median. 


4. Visible evidence of elevated surface loading, e.g., due to residual antiskid 
material. 


Two road sites were selected for testing during Year 1: 
° 1-225 south of I-70: high volume, high speed traffic. 
* One-way facilities adjacent to Botanical Gardens: high volume, low speed traffic 


These sites were selected primarily on the basis of road facility type (traffic volume and 
speed) with a center city representation. 


After a given storm event, it was intended to test on three consecutive days (up to 6 hr 
‘sampling duration per day) after the road surface dried at the specific site identified for the 
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test series. In the event that test days were lost because of unfavorable winds or rewetting 
of the road surface, testing would cease after a 5-day period. The goal was to accomplish 
three tests under conditions that met the criteria for suitability. It was recognized that 
sanding the test roads under a lower than normal snow depth threshold might be necessary 
so that testing could proceed even if major storms did not occur. 


It should be noted that, as a general rule, a test had to be initiated by no later than 
11:00 a.m. to provide sufficient time for collecting adequate sample mass prior to evening 
disorganization of winds and to avoid interfering with the evening rush hours. Therefore, if 
the given test road dried in the early afternoon, for example, it was necessary to postpone 
testing until the next day. 


4.2 Test Site—Year 2 


Because of the problems of achieving adequate testing efficiency at the first two sites 
during the winter of 1996, it was decided to take two steps in redesigning the remainder of 
the Correlation Studies. 


1. Move to a new “core” sampling site in an area with full wind exposure and other 
conditions that would expedite plume profiling, and 


2. Combine (a) the testing of “artificial” sanding and wetting, during periods of 
moderate weather (autumn), with (b) the testing of significant wintertime storm 
events. 


The main purpose of these changes was to increase the efficiency of profiling data 
collection and to increase PM-10 and PM-2.5 sample masses above the 1 mg adequacy 
threshold for chemical determination of elemental abundances. 


It was recognized that the pre-winter sand applications would be removed from the 
test road more quickly by traffic in comparison with the sand removal rate from freshly 
dried roads after a winter snow/ice event. This effect would result primarily from more 
rapid evaporation of residual moisture films in the prewinter testing and unavailability of 
trapped sand in packed snow/ice strips between lanes and along the edges of the road. 
However, it was believed that the primary result would be simply to “speed up” the 
removal process from the three to four days that it would consume in the winter to a period 
of about two days in the autumn. Furthermore, the results of the autumn studies could be 


? In the original MRU/AlphaTRAC proposal dated October 2, 1995, the correlation studies were to be 
performed under moderate weather conditions with predictable winds. However, when it became evident 
that control of winter sanding was the primary basis for CDOT emission reduction plans, the correlation 
studies were shifted to coincide with winter snow events. 
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transferred to the wintertime based on a comparison of the silt loading decay curves for the 
two periods. 


A test location on Kipling just east of the Denver Federal Center was selected as the 
Core Site. The core site specifications are given in Table 3. 


Table 3. Core Site Specifications 


Location: Kipling just east of the Denver Federal Center 


Road configuration 

- N-S orlentation 

- Median between N and S lanes 

Wind exposure: Unobstructed on E and W sides 
ADT: Approximately 15,000 


Vehicle Speed: 40-45 mph 


Jurisdiction: CDOT and City of Lakewood 


Security: Suitable for fencing 


At the Core Site, CDOT committed to providing: 
1. Line power for sampling equipment, on both sides of the divided roadway 
2. Security fencing for sampling equipment, on both sides of the roadway. 


3. Sand application on predetermined test days, as soon after the morming rush hour 
as possible. 


4. Midday traffic contro! so that road surface samples could be collected on test 
days. 


5. Traffic counters for the full test series. 


Because CDOT personnel were not available to install line power at the sampling 
locations, it was necessary to utilize project funds to hire an electrician for this purpose. 


During Year 2, it was intended that plume profiling (and associated surface sampling) 
would be performed at the Core Site, as follows: 
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Test Series Test Period 
3 pre-winter baseline emission tests mid-October 1996 


9 pre-storm correlation tests (with late October/early November 1996 
sand application) 


3 post-storm correlation tests February or early March 1997 


Because of the low anticipated pre-winter loadings at the Core Site (already confirmed 
by the validation tests), it was realized that the baseline studies might be only marginally 
suitable for relating emissions to road surface loadings. Nevertheless, the pre-winter 
baseline emission levels were needed to establish the emission impacts of anti-skid 
materials, so that credits could be assigned to emission reductions resulting from 
(a) reduced sand application, (b) more effective removal of residual sand, or (c) use of 
chemical deicers with, or in place of, sand. (Alternatively, the pre-winter baseline emission 
levels could be projected from the pre-winter baseline silt loadings.)* 


During the pre-winter tests with sand application, it was anticipated that plume 
profiling tests would be performed in 2-day or 3-day groups, depending on how long it 
took for the silt loading to return to the pre-winter baseline. On the first day of an 
individual series, the initial loading of sand would be measured by having the distribution 
truck deposit a short strip of sand in the parking lot adjacent to the core site. Once the sand 
was applied to Kipling, it would be wetted to simulate the effects of melting ice/snow. 
When the road surface had dried, plume profiling would begin (assuming that wind 
conditions are acceptable) and continue for several hours. 


During the latter part of the day 1 test, the surface silt loading on Kipling would be 
resampled so that the average silt loading during the test can be determined. Surface 
sampling had to be completed by 3 p.m. on any given day, to avoid interference with the 
evening traffic load. It was anticipated that the two outside lanes (northbound and 
southbound) would be vacuumed to collect a sample. 


Plume sampling would continue on the second (and possibly the third day) after sand 
application. The road surface silt loading would be sampled during each day so that the 
average silt loading for each plume profiling test can be determined. Successively larger 
areas of the road surface would be sampled on successive days after sand application, to 
provide for collection of adequate silt mass as the silt loading was depleted. 


* The question arises as to whether the winter baseline emission levels would be more appropriate for 
calculating emission reduction credits, because the winter baseline emission levels may be higher than the 
pre-winter baseline emission levels. 
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4.3 Air Sampling Equipment and Techniques 


The source-directed field sampling conducted in this study employed an “exposure 
profiling” approach to characterize near-source particulate mass concentrations and particle 
size distributions by height. 


Exposure Profiling 


The “exposure profiling” technique is based on the profiling concept used in 
conventional (stack) testing. The passage of airborne pollutant immediately downwind of 
the source is measured directly by means of simultaneous, multipoint sampling over the 
effective cross section of the open dust source plume. This technique, which uses a mass 
flux measurement scheme similar to USEPA Method 5 for stack testing, does not require 
an indirect emission rate calculation through the application of a generalized atmospheric 
dispersion model. Further details of the exposure profiling method can be found in earlier 
technical reports, such as the 1986 USEPA collaborative study (Pyle and McCain, 1986). 


For measurement of particulate emissions from the paved test roads, a three- to five- 
point vertical array of high-volume cyclone samplers was positioned approximately 5 m 
downwind from the edge of the road. The Sierra Model 230CP cyclone preseparator 
exhibits an effective 50% cutoff diameter (D5,) of approximately 10 zm when operated.at 
a constant flow rate of 40 cfm (68 m*/hr). The downwind distance of 5 m is far enough that 
sampling interferences due to traffic-generated turbulence are minimal, but close enough to 
the source that the vertical plume extent can be adequately characterized with a maximum 
sampling height of about 7 m. In a similar manner, the 10-m distance upwind from the 
road’s edge is far enough from the source that: (a) source turbulence does not affect 
sampling, and (b) a brief reversal in wind directions will not substantially impact the 
upwind samplers. The 10-m distance is, however, close enough to the road to provide the 
representative background concentration values needed to determine the net mass flux (i.e., 
due to the source). 


Sampler Deployment for Year 1 


As shown in Table 4, the equipment deployment scheme for Year 1 made use of a 
variety of sampling instruments. The principal downwind plume reference height was 2 m. 
A reference PM-10 high-volume sampler (Wedding inlet) provided PM-10 samples for 
analysis of particle morphology. The deployment of sampling equipment is illustrated in 
Figure 1. 
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Table 4. Air Sampling Matrix for Year 1 


Sampler/filter 
type Location Remarks 


Cyclone/glass fiber Used to define upwind PM-10 contribution to downwind 
(40 cfm) plume. 


Used to define PM-10 plume and calculate PM-10 emission 
factor. 


Wedding/quartz : Used for PM-10 comparison against cyclones. Provides 
(40 cfm) samples for analysis by (optical) morphological analysis. 


Cyclone-impactor Used to define upwind particle size distribution. Provides 
glass fiber samples for analysis by (optical) morphological analysis. 
(20 cfm) 


Used to define downwind particle size distribution. Will also 
provide samples for analysis by (optical) morphologica! 
analysis. 


Dichot/Teflon Used to define upwind particle size distribution. Provides 
(16.7 Lpm) samples for analysis by X-ray fluorescence. 


Used to define downwind particle size distribution. Provides 
samples for analysis by X-ray fluorescence. 


Dichot/quartz Used to define upwind particle size distribution. Provides 
(16.7 Lpm) samples for analysis by thermal/optical reflectance, ion 
chromatography. 


Used to define downwind particle size distribution. Provides 
samples for analysis by thermal/optical reflectance, ion 
chromatography. 


* Three impaction stages: 10.2 ymA, 4.2 umA, and 2.1 pmA. 
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Figure 1. Deployment of Air Sampling Equipment—Year 1 


For particle sizing, high-volume air samplers equipped with cyclone preseparators and 
parallel-slot, three-stage cascade impactors were used. This equipment is consistent with 
that used to develop the particle size multipliers that accompany the AP-42 predictive 
emissions factor equations for paved roads. The Sierra Model 230CP cyclone preseparator 
exhibits an effective 50% cutoff diameter (D<9) of approximately 15 jm (um) in 
aerodynamic diameter when operated at a constant flow rate of 20 cfm (34 m7/hr). The 
corresponding 50% cutoff aerodynamic diameters of the three-stage Sierra Model 233 
cascade impactor are 10.2 um, 4.2 im, and 2.1 um. The backup filter provides a PM-2.1 
sample, with much larger sample mass than the fine fraction filters from the dichotomous 
samplers discussed below. The PM-2.1 sample was to be used for analysis of particle 
morphology. 
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The other set of particle-sizing samplers consisted of Sierra Anderson Model 245 
dichotomous samplers with cut points of 10 um and 2.5 pm. These samplers were operated 
in pairs at both the upwind and downwind locations. Within each set of paired 
dichotomous samplers, one was operated with Teflon filters and the other with quartz fiber 
filters. These sampling media were required for the chemical analyses that are described 
later. 


Throughout each test, wind speed was monitored by “wind odometers” mounted at 
three downwind heights. The vertical wind speed profile was determined using data from 
these sensors, assuming a logarithmic distribution. Horizontal wind direction was also 
monitored at a single height using an R. M. Young wind monitor. The cyclone sampling 
intakes were adjusted for proper directional orientation based on the approximate average 
wind direction measured during consecutive observation periods. 


Sampler Deployment for Year 2/Wind Activation 


The air sampling matrix for Year 1 was carried over to Year 2, which was initiated 
with the fall 1996 test period at the Core Site. However, because shifting winds limited the 
run time on most test days, most filters were exposed on more than one test day in the hope 
of achieving sample masses that would be sufficient for chemical characterization. The 
exception was the profiling cyclones, for which filters were changed after every test. 


Because of persistent wind problems, a change in the wintertime sampling strategy for 
Year 2 was recommended by MRI to make the “storm chasing” approach technically and 
economically feasible. This involved using sampling arrays that were activated by wind 
direction sensors, so that they would operate only when the wind direction was within the 
acceptable range for a period of at least 2 minutes. Samplers would operate as long as 
acceptable wind conditions prevailed, without being restricted only to daylight non-rush 
hour periods, as was previously the case. 


The wind activation system was configured as follows. Separate Wong activator wind 
vanes were configured to operate the upwind samplers and the downwind samplers 
whenever the wind direction fell within a range of 135° (centered on the perpendicular to 
the road orientation). The wind vanes were mounted at a height of 3 meters on the upwind 
and downwind sides of the road. The signal from each vane was transmitted to a separate 
wind direction controller box, where the elapsed run time was recorded. Upon activation, 
output voltage from the controller box energized a series of relays. One relay was required 
for every two samplers. The samplers were activated unti] the wind direction fell outside 
the 135° range. , 


To keep a record of sampling duration, battery powered event recorders were mounted 


to one upwind and one downwind sampler motor. These units kept record of on and off 
times, which were then downloaded and displayed on a computer. 
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To record wind speed and direction continuously, the R.M. Young wind monitor was 
connected to a data logger. Data from this unit were also downloaded to a computer. All 
of the electronic equipment was mounted in weatherproof enclosure. 


Table 5 shows the revised sampler deployment scheme that was used with the wind 
activation system. The sampling array was deployed in anticipation of easterly winds, 1.e., 
the downwind sampler array was deployed on the west side of Kipling. From the fall 1996 
sampling at the Core Site, it was evident that west winds occurred much less frequently and 
tended to have significantly higher velocity, causing plume dilution and lengthening the 
required run time. 


pling Matrix—Year 2 (Wintertime) 


Table 5. Revised Core Site Sam 


Particle Sampler/Filter Intake 
Size Type Location Remarks 


Cyclone/glass Used to define upwind contribution to plume 
fiber— 
40 cfm (5 units) 


Used to define plume and calculate PM-10 
emission factor 


Wedding/quartz— Used for comparison against cyclones. Also 
40 cfm (2 units) provides samples for analysis by X-ray 
fluorescence 


PM-3.0/10 Wedding- Used to define upwind/downwind particle size 
impactor/ distribution. Also provides samples for analysis by 
quartz—20 cfm thermal/ optical reflectance 
(2 units) 


MiniVOL/Teflon— Provides samples for analysis by X-ray 
5 Lpm (2 units) fluorescence. 


MiniVOL/Teflon— Provides samples for analysis by X-ray 
5 Lpm (2 units) fluorescence. 


A reference sampling height of 2 m was used for al! but the cyclones on the profiling 
towers. This height was reasonably representative of plume core conditions. As such, it 
was an appropriate height for collection of plume samples for comparison with samples of 
road dust resuspended in the laboratory to capture its PM-!0 and PM-2.5 components. 


When the Core Site test road (Kipling) dried following a winter storm, AlphaTRAC 
personnel loaded filters and activated the sampling array. The samplers operated whenever 
the wind direction was within about 65° of the perpendicular to the roadway orientation. 
The elapsed run time meters were checked periodically, so that when run time was 
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sufficient (not only for reliable gravimetric analysis of collected particulate matter, but also 
for reliable chemical analysis of the samples), the filters were changed. 


Note that during the Year 2 winter testing, Airmetrics MiniVOL samplers were used 
for collection of PM-10 and PM-2.5 samples on 47-mm Teflon filters (for metals analysis 
by X-ray fluorescence). MiniVOL samplers replaced the dichotomous samplers that had 
been used previously. Unlike the dichotomous samplers, the MiniVOL samplers could 
easily be transported to an enclosed environment for change-out of the filters, so that losses 
of collected sample mass could be significantly reduced. 


4.4 Testing Procedures 


Preparation of Sample Collection Media 


Except for the dichotomous samplers (used in Year 1 and during fall testing in Year 2) 
and the MiniVOL samplers (used during winter testing in Year 2), particulate samples were 
collected on either glass fiber (impactor substrates and back-up filters) or QM-A 
microquartz filters (Wedding PM-10 reference sampler). Impactor substrates were greased 
by spraying with a solution prepared by dissolving 140 g of stopcock grease in 1 L of 
reagent grade toluene. For the dichotomous samplers, coarse and fine fraction particulate 
samples were collected on 37-mm Teflon membrane filters and QM-A microquartz filters. 
MiniVOL samples utilized 47-mm Teflon filters. 


Prior to the initial weighing, the filters were equilibrated for 24 hr at constant 
temperature and humidity in a special weighing room. During weighing, the balance was 
checked at frequent intervals with standard (Class S) weights to ensure accuracy. The 
filters remained in the same controlled environment for a second 24-hr period, after which 
a second analyst reweighed them as a precision check. If a filter did not pass audit limits, 
the entire lot was reweighed. Ten percent (10%) of the filters taken to the field were used 
as blanks. The quality control guidelines pertaining to preparation of sample collection 
media are presented in Table 6. 


As indicated in Table 6, a minimum of 10% field blanks were collected for quality 
control (QC) purposes. This procedure involved handling at least one filter in every 10 in 
an identical manner as the others to determine systematic weight changes. These changes 
were then used to mathematically correct the net weight gain determined from gravimetric 
analysis of the filter samples. During field blank collection, filters were loaded into 
samplers and then recovered without air being passed through the media. 
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Table 6. Quz Control Procedures for Sampling Media 
Activi QA check/requiremant 
Preparation inspect and imprint glass fiber media with identification numbers. 


Conditioning Equitibrate media for 24 h in clean controlled room with a relative humidity of 40% (variation of 
lass than +5%) and with a temperature of 23°C (variation of less than +1%). 


Weighing Weigh hi-vot filters to nearest 0.05 mg. 


Auditing of weights ‘For tare weights, conduct a 100% audit. Reweigh tare weight of any filters that daviate by more 
than +1.0 mg. independentty verify final weights of 10% of filtars (at least four from each batch). 
Reweigh batch If weights of any hi-vol fitters deviate by more than 22.0 mg. 


Correction for Weigh and handle at least one biank for each 10 filters of each type for each test. 
handling effacts* 


Calibration of Balance to be calibrated once per yaar by certified manufacturer's representative. Check prior 
balance to each use with laboratory Class S weights. 


* includes field blanks (see text). 


Pretest Procedures/Evaluation of Sampling Conditions 


Prior to actual sample collection, a number of decisions were made as to the potential 
for acceptable source-testing conditions. These decisions were based on forecast informa- 
tion obtained from the local U.S. Weather Service office. If conditions were considered 
acceptable, the sampling equipment was prepared for testing. Pretest preparations included 
calibration checks of the various air sampling instruments, insertion of filters, and so forth. 
The quality control guidelines governing this activity are found in Table 7. 


Table 7. Quality Control Procedures for Sampling Fiow Rates 
QC check/requirement 


Air samplers Multipoint calibration check using calibration orifice upon arrival at test site for 
comparison against standard table. 


Orifice (transfer standard) Calibrate against displaced volume test meter annually. 


Once the source testing equipment was set up and the filters inserted, air sampling was 
conducted. As stated earlier, sampling was generally initiated by 11 a.m. in order to capture 
sufficient sample mass without infringing on the evening msh hour period. 


Information recorded on specially designed reporting forms included: 


* Air samples—Start/stop times, filter IDs, approach wind speeds at sampler 
intakes, and sampler flow rates (see Table 8 for QC procedures.) 

¢ Traffic count by vehicle type and speed. 

* General meteorology—Wind speed, wind direction, temperature, and barometric 
pressure. 
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Table 8. Quality Control Procedures for Sampli 


Activity QC check/requirement 


Maintenance Check motors, gaskets, timers, and flow measuring devices prior to 
testing. 


Timing Start and stop all downwind samplers during time span not exceeding 
1 min. 


isokinetic sampling (cyclones) Adjust sampling intake orientation whenever mean wind direction 
dictates. 


Prevention of static mode Cap sampler inlets prior to and immediately after sarnpling. 
deposition 


Criteria for suspending or terminating a source test are presented in Table 9. 


Table 9. Criteria for Suspending or Terminating a Test 


A test may be suspended or terminated if: 


Precipitation ensues during equipment setup or when sampling is in progress. 


Mean wind speed during sampling moves outside the 1.3- to 8.9-m/s (2- to 20-mph) acceptable 
range for more than 20% of the sampling time. 


The angle between mean wind direction and the perpendicular to the path of the moving point source 
during sampling exceeds 45 degrees for two consecutive averaging periods. 


Daylight Is insufficient for safe equipment operation. 


Source condition deviates from predetermined criteria (e.g., occurrence of wet pavement conditions). 


Handling of Exposed Collection Media 


To prevent particulate losses, the exposed air sampling media were carefully 
transported in special containers to MRI’s main laboratory. In the laboratory, exposed 
filters were equilibrated under the same conditions as the initial weighing. After 
reweighing, 10% of the filters were audited to check weighing accuracy. 


Surface Sample Collection and Analysis 


In conjunction with the emission tests, samples of the dust on the road surface were 
obtained. These samples were needed to characterize the test roads in terms of dust 
loading, texture, chemical composition, and particle mircoscopy. The specific procedures 
used to collect and analyze paved road surface samples to determine texture and loading 
are generally described in AP-42, Appendices Cl and C2 (USEPA, 1995). The road 
surface sampling procedure, as modified during the Silt Loading Validation Study 
described in Section 3, is presented in Appendix A to this report. 
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Where practical, road surface sampling focused on the segment of the particular road 
being tested. For each test, a composite sample of at least three or four component surface 
areas was accumulated. Each component area had a width that matched an active travel 
Jane and a length dimension that was based on the observed surface loading in comparison 
with the requirement for sufficient sample mass. 


Note that the road surface samples for each of the “best” exposure profiling tests were 
to be subdivided into the following subsamples, to be analyzed for particle chemistry and 
morphology: 


Silt: particles passing a 200-mesh screen upon conventional dry sieving 


PM-10: particles resuspended in MRI’s Dustiness Test Chamber and collected by a 
PM-i0 sampler onto appropriate filer media within the chamber 


PM-2.5: particles resuspended in MRI’s Dustiness Test Chamber and collected by a 
PM-2.5 sampler onto appropriate filer media within the chamber 


The MRI dustiness test chamber (Figure 2), as developed by Cowherd et. al. (1989), 
was used to suspend the road surface material for collection as PM-10 and PM-2.5 
samples. The test chamber is a bench-scale device that generates and samples airborne 
particulate resulting from the dropping of bulk material (0.27 L) over a 25 cm distance to 
the floor of the chamber. In its standard configuration, air is drawn at 8.3 L/min through an 
open-faced 47 mm diameter filter at the top of the chamber for a period of 10 min 
beginning with the start of the 30 sec pouring period. 


For this series of tests, the chamber was modified from its standard configuration to 
incorporate a MiniVOL sampler with a PM-10 or a PM-2.5 inlet (see Figure 3) mounted in 
an inverted position with the rain cap removed. The MiniVOL sampler drew air from the 
chamber at 5.0 L/min as contrasted with the standard flowrate of 8.3 L/min. The size- 
selective inlets consisted of PM-10 or PM-2.5 greased impactors preceding the 47-m filter. 
The test procedure was also modified to begin sampling only after larger particles had 
settled, which consumed a 1-min period following the end of each pouring event. If 
necessary, multiple pours of the same test material were made, so that a quantitiable 
sample mass was optained. 


Because the MiniVOLs with PM-2.5 inlets were observed in prior field tests to be 
subject to severe particle bounce problems, resulting in higher PM-2.5 values than PM-10 
(a physical impossibility), steps were taken to mitigate this problem during the 
resuspension tests. The 2.5 ym inlets were greased on both the forward and rearward 
impactor faces to provide two surfaces for bouncing particles larger than PM 2.5 to be 
captured. This effort and a 1-min wait period to for coarse particle settling (prior to the 
sampling of suspended dust within the chamber) appeared to eliminate the particle bounce 
problem for the dustiness tests. 
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Figure 2. MRI Dustiness Test Chamber 
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Figure 3. Modified MiniVOL Inlet Assembly (upright orientation) 
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The net weights of particular matter captured on quartz fiber and Teflon membrane 
filters were used to calculate the dustiness index (or emission factor)—in units of mg of 
suspended matter per kg of material poured. The PM-2.5/PM-10 ratio in the suspended 
particulate was of special interest in this study and was determined by comparing the 
respective dustiness indices. 


The appropriateness of the MRI Dustiness Test Chamber as a particle resuspension 
device has been discussed by Cowherd and Grelinger (1997). 


Source Activity Monitoring 


Vehicle-related parameters were obtained using a combination of manual and 
automated counting techniques. Periodic manual traffic observation was used to acquire 
traffic volume data and to obtain traffic mix information. In addition, CDOT provided 
daily cycles of traffic volume for the Core Site on Kipling adjacent to the Denver Federal 
Center. 


Chemical and Microscopical Analysis 


The four “best” tests from this phase of the project® were selected for “correlation 
analysis,” beyond the normal requirements for sample mass determination by gravimetry. 
Selection of these tests was based on occurrence of favorable conditions of wind and road 
surface condition. With regard to the later, rapid drying of the test road in the presence of 
high initial surface loadings was desirable. Such surface conditions are believed to produce 
the highest emission rates for the paved road source category. 


For each of the four tests selected for correlation analysis, the following analyses 
(chemistry and particle microscopy) were performed during Year 3: 


X-ray Fluorescence (XRF); 37 elements 


* 4 dichotomous samples (2 samplers; coarse fraction and PM-2.5 components for 
each sampler) 


* 2 surface samples (resuspended PM-10 and PM-2.5 on Teflon membrane filters) 


Jon Chromatography (IC): chloride, nitrate and sulfate 


* 4 dichotomous samples (2 samplers; coarse fraction and PM-2.5 components for 
each sampler) 


> As noted earlier in this report, the Year 2 correlation studies had to be completed before the “best 
test” selection was made. 
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*  2surface samples (resuspended PM-10 and PM-2.5 on Teflon membrane filters) 


Thermal/Optical Reflectance (TOR) 


e 4 dichotomous samples (2 samplers; coarse fraction and PM-2.5 components for 
each sampler) 


¢  2surface samples (resuspended PM-10 and PM-2.5 on Teflon membrane filters) 


Polarized Light Microscopy (PLM): 


¢ 4 dichotomous samples (2 samplers; coarse fraction and PM-2.5 components 
for each sampler) 


For direct microscopical analysis, filter sections were mounted in immersion oil which 
closely matched the refractive index of the filter fibers, rendering the sections transparent. 
This filter “clearing” process permits examining and identifying particles on, within, and at 
the bottom of the filters. 


Particle identification was based on the optical (crystallographic) and morphological 
properties of the aerosols, which often permit simple distinction among chemically similar 
components (such as carbon combustion products from diverse fuels). Quantitative analysis 
of the selected particle size was derived from counting and sizing each particle to produce a 
mass per unit area of particles on each filter. The mass was computed from the size and 
density (published rather than measured densities); filter areas were defined by a calibrated 
counting graticule in the microscope. 


The precision and accuracy of quantitative microscopical particle analysis depends on 
application of an appropriate shape factor to compute particle volume and the total number 
of particles counted within a size range. Shape factors were derived by measuring the aspect 
ratio of representative particles in each size range. The total counts of particles in a sample 
were based on stratified counting with the goal of trying to obtain at least 30 particles per 
size range. Representative photomicrographs of the key morphological properties of the 
particles were obtained as part of the analysis documentation. 


Concentration/Emission Calculation Procedure 


To calculate emission rates from exposure profiling data, a conservation of mass 
approach is used. The passage of airborne particulate (i.e., the quantity of emissions per unit 
of source activity) is obtained by spatial integration of distributed measurements of exposure 
(mass/area) over the effective cross section of the plume. Exposure is the point value of the 
flux (mass/area-time) of airborne particulate integrated over the time of measurement or, 
equivalently, the net particulate mass passing through a unit area normal to the mean wind 
direction during the test. The steps in the calculation procedure are described below. 
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The concentration of PM-10 measured by a sampler is given by: 


erie 
Or ” 
where: C = PM-10 concentration (ug/m*) 
m =  PM-10 sample weight (mg) 
q = sampler flow rate (m°/min) 
t = _ duration of sampling (min) 


The isokinetic flow ratio (FR) is the ratio of a directional (i.e., cyclone) sampler’s 
intake air speed to the mean wind speed approaching the sampler. It is given by: 


Q 
IFR = 
aU (8) 
where: Q = sampler flow rate (m°/min) 
a = intake area of sampler (m) 
U =~ mean wind speed at height of sampler (m/min) 


The above ratio is of interest only in the sampling of total particulate, since isokinetic 
sampling ensures that particles of all sizes are sampled without bias. Note that because the 
primary interest in this program is directed to PM-10 emissions, sampling under moderately 
nonisokinetic conditions poses no difficulty. It is accepted that 10 sm (aerodynamic 
diameter) and smaller particles have weak inertial characteristics at normal wind speeds and, 
thus, are relatively unaffected by anisokinesis. 


Exposure represents the net passage of mass through a unit area normal to the direction 
of plume transport (wind direction) and is calculated by: 


Ey) = 107 x CUt (9) 


where: E 190 = PM-10 exposure (mg/cm?) 
C = _ net concentration (p g/m?) 
U = _ approaching wind speed (m/s) 


duration of sampling (s) 
Exposure values vary over the spatial extent of the plume. If exposure is integrated over 


the plume-effective cross section, then the quantity obtained represents the total passage of 
airborne particulate matter (i.e., mass flux) due to the source. 
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For the test roadway, a one-dimensional integration scheme will be used: 


H 
I= f[ Ey) dh (10) 
) 
where: I = _ integrated PM-10 exposure (m-mg/cm2) 
E,9 = PM-10 exposure (mg/cm?) 
h = vertical distance coordinate (m) 
H = _ effective extent of plume above ground (m) 


The effective height of the plume (HZ) in Eq. 10 is found by linear extrapolation of the 
uppermost net concentrations to a value of zero. 


Because exposures are measured at discrete heights of the plume, a numerical 
integration is necessary to determine J. The exposure must equal zero at the vertical 
extremes of the profile (i.e., at the ground where the wind velocity equals zero and at the 
effective height of the plume where the net concentration equals zero). However, the 
maximum exposure usually occurs below a height of 1 m so that there is a sharp decay in 
exposure near the ground. To account for this sharp decay, the value of exposure at ground 
level is set equal to the value at a height of 1 m. The integration is then performed from 1 m 
to the plume height, H, using Simpson’s approximation. 


The emission factor for PM-10 generated by vehicular traffic on roadways, expressed in 
grams of emissions per vehicle-kilometer traveled (VKT), is given by: 


I 
= 10¢ — 
: N a) 


where: e€ = PM-10 emission factor (g/VKT) 
I = integrated PM-10 exposure (m-mg/cm?) 
N = aumber of vehicle passes (dimensionless) 


An example of the above calculation procedure, using the actual data from a 
Correlation Study test run, is presented in Appendix C. 
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Section 5 | 
Correlation Studies: Test Results 


This section presents the results of the correlation studies performed during Year t and 
Year 2. The purpose of the correlation studies was to determine the relationship between 
road surface particulate matter and fine particle emissions. 


5.1 Site Conditions—Year 1 


During late February and March of 1996, emission profiling tests were performed 
under Task 1 at two test sites: 


¢ ]-225 south of I-70: high volume, high speed traffic 
* One-way facilities adjacent to Botanical Gardens: high volume, low speed traffic 


These sites were selected primarily on the basis of road facility type (traffic volume, traffic 
speed). It was projected that wintertime winds at these locations would meet sufficiency 
criteria for emission testing. 


Table 10 lists the sampling periods for the exposure profiling tests. The sampling team 
was available for testing over the 30-day period beginning February 26, 1996, and was on- 
site in Denver for most of this period. 


Table 10. Winter 1996 Sampling Periods 


Sampling 
Test site Start time duration (min) 


1-225 2/28/96 

1-225 3/1/96 

1-225 3/2/36 : 360 
I-225 3/2/96 Blank run 


Botanical Gardens 3/7/96 Blank run 
Botanica! Gardens 3/16/96 240 


The average site conditions for the Year 1 test runs are shown in Table 11. This 
includes the vehicle passes occurring during each sampling period. Note that wind speeds 
were marginally low during runs BH-1 and BH-6. During run BH-1 on I-225, the unusual 
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wind speed maximum at the 1.5 m height is believed to reflect the effect of high speed 
traffic pushing air to the side of the roadway. 


Table 11. Winter 1996 Site Conditions 


Wind speed (mph) Road surface material 


Vehicle si 
passes #(%)  Ligim) (g/m) 
3.6 2.6 2.8 1.95 


1-225 6,561 0.184 
1-225 17,568 : F : 0.031 0.0127 
|-225 14,616 . . . 0.031 0.0127 
Botanica 3,112 . . 125 1.47 
I 
Gardens 
L = Loading (g/m*) 
s = Silt content (%) 
sL = Silt tcading (g/m’) 


For tests BH-4 and BH-S, although favorable wind conditions were predicted, actual 
winds were unfavorable, so that these became blank runs. On five additional days (March 8, 
9, 19, 20, and 21), wind conditions were not forecast to be favorable for the required 
sampling period of at Jeast 4 hours, so that no emission testing was attempted; however, on 
those days PM-10/PM-2.5 concentrations and particle size data were collected at the 
intersection of 7th Avenue and Josephine, in connection with the tire particle study 
separately funded by Colorado State University. The particle size data from that study will 
be useful to the subject study as well. 


To the extent possible, each of the emission tests identified in Table 11 was performed 
during periods following snowfall, after the test road surface had dried. In most cases, sand 
application was ordered, because the relatively light snow conditions characteristic of the 
1996 winter did not trigger routine sand application. 


Also shown in Table 11 are the road surface material parameters. The silt loading for 
run BH-1 was determined from surface sampling near the end of the run. The road had been 
sanded near the beginning of the run. The much lower silt loading obtained for runs BH-2 
and BH-3 reflected a very effective removal of the sand by traffic flow, making it necessary 
to composite the samples from both runs. The silt loading value represents a very clean 
surface, 1.e., falling below the 10 percentile of silt loading values reported in AP-42 for 
high-ADT roadways. The much higher silt loading obtained during run BH-6 reflected the 
impact of sand application early in the test. Note that bulk samples of antiskid materials 
applied during runs BH-1 and BH-6 yielded silt contents of 1.47% and 1.17%, respectively. 
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This testing experience demonstrated that Denver wind conditions after a winter storm 
event tend to change frequently in relation to the 4-6 hour period required for collection of 
adequate airborne particulate sample mass, especially in the areas lying well within the 
perimeter interstate highway system. At the site adjacent to the Denver Botanical Gardens, 
for example, wind conditions were consistently disorganized after winter storm events. This 
made the task of plume profiling on a quantitative basis after such events very difficult. 


On the other hand, at the [-225 site, wind conditions were more stable. However, 


because road sand was quickly thrown from the active roadway, once the surface had dried, 
little emission impact of the residual sand was suspected to be shown by the test results. 


5.2 Concentrations/Emissions—Year 1 


This subsection presents the calculated particulate concentrations and emissions for 
the Year 1 Correlation Studies. 


Concentrations 


Table 12 shows the average PM-10 concentrations measured upwind and downwind of 
the test road during each test period. 


CA = Cyclone/impactor 

DT = Dichotomous sampler (Tefton filters) 
DQ = Dichotomous sampler (quartz filters) 
Cc = Cyclone 

Ww — Wedding PM-10 sampler 


A bold value in Table 12 indicates an instance where the blank-corrected net weight of each 
component collection medium (filter or impaction substrate) comprising a sample is at least 
3 times the standard deviation of the blank correction for that collection medium in the 
given test series. Values preceded by a “ <” indicate instances where at least one blank- 
corrected net weight is less than 1 standard deviation of the blank correction. In the latter 
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case, the standard deviation of the blank correction is used in place of the net filter weight to 
calculate the concentration. This procedure is illustrated at the end of Appendix B. 


Generally, Table 12 shows that the agreement between the different types of PM-10 
samplers operated at the 2-m height was most consistent for runs BH-2 and BH-3, which 
had wind speeds that fully met the suitability for plume exposure profiling criteria. During 
those runs the downwind PM-10 concentrations were low, showing only slight increases 
above background levels, because of effective ventilation of the plume. 


An unusual effect was observed for run BH-1, which had a maximum in the PM-10 
concentration at a height of 5 m above the surface. This effect is believed to reflect buoyant 
plume rise from engine heat, under conditions of light winds and cold ambient temperatures. 
The effect is particularly important because it indicates that “ground-level” ambient 
monitoring (i.e., using a sampling height of about 2 m) is not appropriate for representing 
the full impact of the roadway emission plume. Accordingly, use of the “upwind- 
downwind” method for back-calculation of the emission rate through the application of a 
standard atmospheric dispersion model would significantly underestimate the emission rate, 
if the monitored concentration is taken to represent plume core conditions. 


Another unusual effect was observed during run BH-6 in that downwind PM-10 
concentrations measured by the cyclone at 1 and 3 m were above the value measured by the 
Wedding PM-10 samples at a height of 2m. Generally in the past we have found good 
agreement between these two types of PM-10 sampling devices. This result may represent 
an interference effect of emissions from the Botanical Gardens parking lot under the light 
and somewhat variable wind conditions occurring during this test. The test was conducted 
on a Saturday, when the parking lot is most active. 


The low PM-10 concentration values determined from the dichotomous sampler with 
the quartz filters may be indicative of the problems with fiber loss during filter handling. 
This problem is causing USEPA to specify only Teflon filters in the new reference method 
that is being developed for PM-2.5 (Merrifield, 1996). The PM-2.5 reference method will 
utilize a flow rate and an inlet design identical to the dichotomous sampler. 


Table 13 shows the average PM-2.5 concentrations measured upwind and downwind 
of the test road. (The comments about types of entries in Table 12 also apply to Table 13). It 
is clear from Table 13 that the cyclone/impactor tends to yield PM-2.5 concentration values 
that are higher than those given by the dichotomous samplers. The problem with low 
concentrations from the dichotomous samplers with quartz filters persists. For the tests with 
the most suitable wind conditions (runs BH-2 and BH-3), the downwind PM-2.5 
concentrations show only slight increases above background levels. 
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Background 


DT 
2m 


Ci ==  Cyclone/mpactor 

DT = __ Dichotomous sampler (Teflon filters) 

DQ = _ Dichotomous sampler (quartz filters) 
Emissions 


The PM-10 emission factors calculated from the test data are shown in Table 14. They 
span nearly two orders of magnitude. The measured factors are compared with those 
calculated from the AP-42 predictive emission factor equation for paved roads. An average 
vehicle weight of 2.2 tons was used as input to the AP-42 equation, along with silt loading 
values from Table 11. A multiplier of 0.707 was used to reflect an average angle of about 
45 degrees between the wind direction and the road direction. 


Table 14. Winter 1996 PM-10 Emission Factor Comparison 


rato 
Predicted to 
sl (g/m’) (g/VMT) (9/VKT) Observed 


As indicated in Table 14, the measured PM-10 emission factors generally exceeded the 
values predicted by the AP-42 equation. However, the differences were well within the 
normal range of predictive capability for the equation. This result supports the use of silt 
loading as a predictor of PM-10 emissions. In other words, the large variation in emission 
factor is attributable to the large variation in silt loading which in turn reflects the time since 
sand application. 


To determine the ratios of PM-2.5 to PM-10 in the roadway emission plumes, the most 
reliable concentration values from Tables 12 and 13 were used. The results are shown in 


MRJ-APPLIEDAR4291-Y2 45 


Table 15. As expected, the test runs showing the greatest paved roadway impacts also 
showed the lowest percentages of PM-2.5 in PM-10. For example, run BH-2 on I-225 had a 
low net PM-10 concentration and a high percentage of PM-2.5 in PM-10. On the other hand, 
run BH-6 on the freshly sanded center city arterial showed a high net PM-10 concentration 
with a low percentage of PM-2.5 in PM-10. For comparison, the AP-42 predictive emission 
factor equation for paved roads gives 2 PM 2.5/PM-10 ratio of 0.46. 


*Numbers If parentheses are sampling heights. 


Table 15. Percenta 


e of PM-2.5 in PM-10—Denver Paved Road® 


> PM-2,1 as a percentage of PM-10.2. 


5.3 Site Conditions—Year 2/Fall 1996 


During October and November 1996, emission profiling tests were performed under 
Task 1 at the Core Site on Kipling. Table 16 lists the sampling periods for the exposure 


profiling tests. 


Date 


10/24/96 
10/25/96 
10/26/96 
10/28/96 
10/29/96 


10/30/96 
11/1/96 
11/2/96 
11/3/96 
11/4/96 
11/5/96 
11/6/96 


Start 
Time 


1240 
0948 
0959 
1025 


Table 16. Fall 1996 Sam 


Duration 
(min) 


ling Periods 


Comments 


Baseline test 

Baseline test 

Baseline test 

Baseline test 

Wind storm (90 mph) and equipment repair 
Equipment repair and blank run 
Baseline test’ (colocated samplers) 
Day 1 sanding cycle (first sanding) 
Day 2 sanding cycle (second sanding) 
Day 1 sanding cycle (second sanding) 
Day 2 sanding cycle 

Day 3 sanding cycle 


* Power to mast samplers lost during night because of loss of municipal electrical service. 


> Sand not available, although prescheduled. 
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The average site conditions for the Year 2/Fall 1996 test runs are shown in Table 17. 
This includes vehicle passes during each sampling period. Note that wind speeds were 
marginally low during ron BL and run BL-7. 


Also shown in Table 17 are the road surface material parameters. As expected, the silt 
loading increased sharply (above the fall baseline) for run BL-7, which was performed at the 
beginning of the first sanding cycle. Another sharp increase in silt loading was observed 
after beginning of the second sanding cycle (run BL-9). However, the silt loading dropped 
substantially on the second day of the sanding cycle (run BL-10) because of the rapid 
removal of road surface material by roadway traffic. It should be noted that a single 
composite road surface sample was collected for the baseline tests (Runs BL-1 through 
BL-4) because of the very low surface loading. 


Table 17. Fall 1996 Site Conditions 


Mean Wind Speed (mph) Road Surface Material 


Vehicle Temp 


Passes* (CF) |} 2m 3m 5m Fm 75m 10m 8 (%) Ligim?) — sL (g/m?) 


* Vehicle passes based on traffic counter data and visual observation of traffic mix. 


5.4 Concentrations/Emissions—Year 2/Fall 1996 


Concentrations 


Table 18 shows the average PM-10 concentrations measured upwind and downwind of 
the Core Site test road during each test period. Except for the cyclones, most of the 
samplers were operated for more than one run in attempt to obtain sample masses sufficient 
for reliable quantitation. The last three runs contained a number of colocated samplers, 
although the second sampler in a colocated set was occasionally operated for more than one 
run. 
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Table 18. Fall 1996 PM-10 Concentrations (ug 
Background 


3m 3m 2m 5m 7m 10m 
BL-1 
BL-2 
BL-3 
BL-4 
BL-7 
BL-& 


* Sampler operated for more than one run. 
> Colocated samplers. 
° Sampler at 7.5 m height. 


CA = Cycione/impactor combinaticn. 

DT = Dichotomous sampler (Tefion filters). 
W = Wedding sampler. 

C =Cyclone sampler. 
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A bold value in Table 18 indicates an instance where the blank-corrected net weight 
of each component collection medium (filter or impaction substrate) comprising a sample 
is at least 3 times the standard deviation of the blank correction for that collection medium 
in the given test series. Values preceded by a “‘<” indicate instances where at least one 
blank-corrected net weight is less than 1 standard deviation of the blank correction. In the 
latter case, the standard deviation of the blank correction is used in place of the net filter 
weight to calculate the concentration. 


Table 19 shows the average PM-2.5 concentrations measured upwind and downwind 
of the test road. (The comments about types of entries in Table 18 also apply to Table 19.) 
Note that the cyclone/impactions generate PM-2.1 concentrations. 


Background 


CA DT 
3m 


5.8, < 2,9 


5.8, < 2.9 2° 


* Sampler operated for more than one run. 
® Colocated samplers. 


Emissions 


The PM-10 emission factors calculated from the test data are shown in Table 20. The 
measured factors are compared with those calculated from the AP-42 predictive emission 
factor equation for paved roads. An average vehicle weight of 2.2 tons was used as input, 
along with the silt loading values from Table 17. 


In general, AP-42 predicted emission factors exceeded observed emission factors. 
However, agreement w as still within the factor of three range usually assigned as the 
confidence interval for the AP-42 paved road equation. 
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Table 20. Fall 1996 PM-10 Emission Factor Comparison 


PM-10 Emission Factor 
Predicted to 
Run No. sb (g/m2) (g/VMT) (@/VKT) Observed 


5.5 Site Conditions—Year 2/Winter 1997 


During January through March of 1997, emission profiling tests were performed under 
Task | at the Core Site on Kipling. The wind activated sampling system was used for this 
test series. Table 21 lists the sampling periods for the exposure profiling tests. 


The average site conditions for the Year 2/Winter 1997 test runs are shown in 
Table 22. Also shown in Table 22 are the road surface material parameters. Multiple 
surface samples were collected during runs BM-4, BM-6 and BM-7. The silt loading 
generally ranged between 0.2 and 0.3 g/m? except during run BM-6, which had more than 
double the typical silt loading. 


5.6 Concentrations/Emissions—Year 2/Winter 1997 


Table 23 shows the average PM-10 concentrations measured upwind and downwind of 
the Core Site test road during each test period. 


A bold value in Table 23 indicates an instance where the blank-corrected net weight 
of each component collection medium (filter or impaction substrate) comprising a sample 
is at least 3 times the standard deviation of the blank correction for that collection medium 
in the given test series. Values preceded by a “ <” indicate instances where at least one 
blank-corrected net weight is less than 1 standard deviation of the blank correction. In the 
latter case, the standard deviation of the blank correction is used in place of the net filter 
weight to calculate the concentration. 
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ling Periods—Wind Activated Samplers: 
Sampling Duration (min) 
Run No. Sampler Upwind Downwind) 


1/15-16/97 Cyclone 
Wed/Imp 
MiniVOL PM-2.5 
MiniVOl PM-10 
Wedding 


Table 21. Winter 1997 Samp 


Cycione 
Wed/Imp 
MinIVOL PM-2.5 
MiniVOl PM-10 
Wedding 


Cyclone 
Wed/Imp 
MiniVOL PM-2.5 
MiniVO!l PM-10 
Wedding 


Cyclone 
Wed/Imp 
MiniVOL PM-2.5 
MiniVO! PM-10 
Wedding 


Cyclone 
Wed/Imp 
MiniVOL PM-2.5 
MiniVO! PM-10 
Wedding 


3/15-16/97 Cyclone 
Wed/Imp 
MiniVOL PM-2.5 
MiniVO!l PM-10 
Wedding 


3/16-17/97 Cycione 
Wed/Imp 
MiniVOL PM-2.5 
MiniVO!t PM-10 
Wedding 


Bold indicates that the sampler ran continuously. 
Wed/Imp denotes a Wedding PM-10 inlet followed by a two-stage cascade impactor and a backup filter. 
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Table 22. Winter 1997 Site Conditions 


Passes* s(%) L(g/m’?) — sb (g/m?) 
32,900 = - = 
30,200 5.6 4.53 5.56 0.30 
5,550 : , 4.6 3.12 0.24 
1.29 0.21 
2.24 0.29 
9,570 4.53 
7,140 ; : i 24.3 
40.4 
10,500 


BM-8 10,200 48 3.5 43 


Bac 
c Cc MT WA Ww c c Cc MT wi 
6m 2m 2m 2m 2m 


C = Cyclone sampler. 

MT = MiniVOL with a Teflon fitter. 

Wit = Wedding/impactor combination. 
W = Wedding sampler. 
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Table 24 shows the average PM-2.5 concentrations measured upwind and downwind 
of the test road. (The comments about types of entries in Table 23 also apply to Table 24.) 


Table 24. Winter 1997 PM-2.5 Concentrations 


* Wedding/Impactor concentrations are for PM-3. 


Emissions 


The PM-10 emission factors calculated from the test data are shown in Table 25. The 
measured factors are compared with those calculated from the AP-42 predictive emission 
factor equation for paved roads. An average weight of 2.2 tons was used as input, along 
with the silt loading values for Table 22. 


Table 25. Winter 1997 PM-10 Emission Factor Comparison 


aa 10 Emission <7 


| Observed | 


Run sl me HO 


* Two road surface samples were taken for run BM-7, but no road surface 
sample was taken for run BM-8 which was performed on the same day that run 
BM-7 ended. 
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5.7 Emission Correlations 


As stated in the Introduction, one of the major objectives of this study was to 
determine the relationship between PM-10 emissions and silt loading, without relying on 
the AP-42 predictive emission factor equation for paved roads, provided as Equation 1 in 
Section 2 of this report. This section presents the results of independent statistical analyses 
of the test data from the Correlation Studies. The data used in the analyses are shown in 
Table 26. These data represent the most reliable measures of emissions because of the 
favorable wind conditions that were encountered during the specified test runs. 


Table 26. Test Data Used in Model Development 


Surface material properties PM-10 

Silt Total Silt Emission 
Road content loading loading factor 
type Test condition (%) (g/m?) (g/m’) (g/vkt) 


feet [Bey [Sandee _——~ toe | tas | one | 1.00 
[a2 | exowy [Sandes | «1 | oaoi_| oor | 0100 
[ans [Pina [Sander + 42 | 1a | sa7_| 408 
ja.2 [Pinan [eescine ‘| 24 | 0005 | 0.02 | o07ea_| 
jaa [Pinan [Baseine | 204 | 0085 | 000 | ozer_| 
[aia |Prnan [Baneine | aaa | ooos | ooze | 00s? 
[a7 [Pinan [Sena cyeebayt | 210 | 176 | 008 | 0007 
[ae [Pinan [Sand yee bay [vss | esa | 101 | aves _| 
[aio [Pina [Sena cyeleoaya | 219 | 026 | o0sa | 0206 _| 
|BM-7__[Prinat [Sanded ss | 6.6 =| 217 | 013 | 0.947 _ | 


When test runs with “low” (< ~0.1 g/m?) and enhanced silt loadings are considered 
together, stepwise regression analysis shows that there is a significant relationship between 
the PM-10 emission factor and silt loading. This is illustrated in Figure 4, which plots the 
observed PM-10 emission factor against the surface silt loading. The log-linear fit of the 
data in Figure 4 leads to a predictive emission factor represented by the following equation: 


e« = 2.4 (sL/2)°" (12) 


where: e* = predicted emission factor (g/VKT) 
sL = surface silt loading (g/m) 
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Figure 4. Variation in Emission Factor with Silt Loading 
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The R-squared value for Equation 12 is 0.71, which implies that 71% of the variation in 
emission factors can be explained by the functional relationship with silt loading. 


Equation 12 compares very favorably with the AP-42 Section 13.2.1 emission factor, 
in which silt loading is raised to 0.65 power. The average vehicle weight correction term 
in the AP-42 equation does not vary substantially on public roads in urban areas which are 
dominated by light-duty vehicles. If the representative average vehicle weight of 2.2 tons 
is used in the AP-42 equation, the coefficient becomes 2.9 g/VKT. Thus, an increase or 
decrease in silt loading leads to a reasonably predictable change in the emission factor. 


Another way to express this dependency is to use a model of the general form: 


e+ =e, +e, =e, + B(sL - sL,)p (13) 


where the quantities are as defined earlier and 


€, = baseline emission factor 

€, = excess emission factor due to sanding 
B = _ empirical constant 

sL, = _ baseline surface silt loading 

Pp = empirical constant 


Equation 13 has the benefit that the increase in emissions attributable to sanding is 
more easily envisioned as separate from the independent contributions of emission 
components, such as vehicle exhaust, that are not dependent on silt loading. When the five 
sanded Kipling data sets are fitted to a model of the form in Equation 13, the following 
emission factor is obtained. 


ex =e, + 0.52(sL - sL,)°™ (14) 


The R-squared value for Equation 13 is 0.63 


Although both Equations 12 and 13 show that silt loading can be used to successfully 
predict emission factors, a silt-loading-based model must account for the fact that the silt 
loading is a very rapidly changing function of time during the period of a sanding event. 
Figure 5 illustrates this phenomenon for Runs BL-9 through BL-11. Note that silt loading 
after sanding can be 50 times higher than the baseline value before sanding, but it rapidly 
retums to near-baseline conditions once the road surface has dried. Selection of the 
appropriate value for sL_—or for that matter, choosing a time after sanding to collect a 
surface sample—requires the characterization of the “typical” silt loading cycle associated 
with a sanding event. 
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Figure 5. Variation of Silt Loading During Sand Cycle 


2.8 


Because of the potential problems involving specification of representative silt loading 
during periods of sanding, it was also decided to consider another form of emission model 
for sanded paved roads. In this case, the equation becomes: 


ex =e, + Fit) (45) 


where e* and e, again denote predicted and baseline emission factors, respectively, and 
F(t) represents a function of time (expressed in days after surface dries). F(t) accounts for 
the increase in emissions above the baseline level. 


The function F(t) was estimated on the basis of results from Runs BL-9 through 
BL-ll: 


F(t) = 0.68 exp (-1.6t) (16) 


where “exp” denotes the exponential function. The exponential fit (R2 = 0.988) to the 

Run BL-9 through BL-11 data (from the late autumn “artificial” sanding series) is shown in 
Figure 6. Note that after sanding, there was a considerable enhancement of emissions over 
the first 2 days after the road dried, but the emissions returned to near-baseline conditions 
by the third day. After a winter sanding event, the return to near-baseline conditions would 
take a longer time, except on high-speed roadways. 


The results of the present study were compared against other wintertime PM-10 
emission data that have been collected for paved roads in the Denver metropolitan area. 
Figure 7 plots the PM-10 emission factors against the silt loading values® for tests from the 
present study and for earlier tests reported by PEI (1989). The earlier study was undertaken 
during 1989 to characterize PM-10 emissions from six streets in the Denver area. 

Summiary data for those tests are given below. Note that both baseline and sanded roads 
were tested. 


PM-10 emission factor (g/VKT) , 
Test site No. of tests Geometric mean Range 


Colfax : 0.53 - 9.01 
York - 1.07 


Belleview : 1.10 - 4.77 
1-225 ; 0.17 - 0.51 
Evans Hl 0.21 - 7.83 
Louisiana E 0.42 - 1.73 


6 The axes in Figure 7 are incremented in logarithmic scale because of the larger ranges of data being 
compared. 
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Figure 6. Decrease in PM-10 Emissions After Drying of the Sanded Road 
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Figure 7. Comparison of PEI Data with Data from Present Study 
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The 1989 tests employed six to eight PM-10 samplers at a single intake height 
arranged in two different upwind/downwind configurations. The study collected data on 
24 different days and backcalculated a total of 69 emission factors using the CALINE3 
dispersion model. The test report cited difficulties for some tests in defining upwind/ 
background concentrations and also ruled some tests as invalid for reasons such as wet 
road surfaces, nearby dust sources, or downwind concentrations that increased with 
distance from the roadway. 


Figure 7 indicates that the results from the current study compare very well with those 
from the 1989 Denver study under both baseline and sanded roadway conditions. The silt 
loadings from the two studies span approximately the same range. Emission factors in the 
present program tend to be lower than those from the 1989 tests, particularly at the lowest 
(baseline) silt loading values. This could be due in part to an average lowering of the PM 
component in vehicle exhaust over the past decade. Both data sets exhibit correlations 
between silt loading and emission factors that are significant at the 1% level. 
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Section 6 
Particulate Chemistry/Constituents 


A key part of Correlation Studies involved comparing the characteristics of airborne 
particles collected downwind of a test road with the resuspended portions of the collected 
samples of road surface material. For the defined particle size fractions, particle 
characteristics of interest were chemical composition and major constituents determined by 
microscopical analysis. 


6.1 Sample Selection 


In selecting the filters and surface samples for analysis, the “best” profiling tests were 
determined: BH-6, BL-7, BM-7 and BM-8. These tests were selected based on the 
following criteria: 


1. Suitability of plume profiling test data for calculation of a PM-10 emission factor 
based on reliability of net concentrations, consistency of wind conditions and 
availability of coincident traffic data. 


2. Availability of one or more road surface samples that represent the given test 
period. 


3. The extent to which the actual test conditions represent conditions that enhance 
the air quality impacts of road sanding. 


The purpose of this chemical/microscopical analysis work was to characterize the 
degree of similarity between the constituents of the road surface material and the airborne 
material in the roadway emission plume from a given test site and sampling period. It was 
intended that for each of the specified tests both the surface silt and at least its resuspended 
PM-10 component would be chemically and microscopically speciated along with the 
corresponding filter samples (from a plume core reference height of 2 to 3 m). 


The list of filters from the upwind/downwind samplers operated at a height of 2 to 3m 
during the four specified test runs is provided in Table 27. In each case the particle size of 
the collected sample is listed. The Teflon filters were analyzed for elemental abundance by 
X-ray fluorescence (XRF) and the quartz fiber filters for carbon analysis by thermal/optical 
reflectance (TOR). Quartz filters were also analyzed for anions by ion chromatography 
(IC). The filters with low net weights of collected particulate matter were used as field 
blanks. The chemical analyses were performed by Desert Research Institute (DRI) in 
Reno, Nevada. 
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Table 27. Samples of Plume Particles for Chemical Analysis 


Filter 
Sampler number Location 


Dichot/Coarse 9559041 am UW 37 mm Teflon 
Dichot/Fine 9559042 2m UW 37 mm Teflon 
Dichot/Coarse 9550025 2m UW 37 mm quartz 
Dichot/Fina 9550027 2m UW 37 mm quartz 
Dichot/Coarse 9558043 37 mm Tafion 
Dichot/Fine 9559044 37 mm Teflon 
Dichot/Coarse 9550029 37 mm quartz 
Dichol/Fine 9550028 37 mm quartz 


Dichot/Coarse 37 mm Teflon 
Dichot/Fine 37 mm Teflon 
Dichot/Coarse 37 mm Teflon 
Dichot/Fine 37 mm Teflon 
Wedding 8 x 10 in quartz 
Wedding 8x 10 in quartz 
Cycione/mpactor 8 x 10 In quartz 
Cyclone/Impactor 8 x 10 in quartz 


Wedding 8 x 10 in quariz <10 umA 
Wedding 8 x 10 in quartz <10 pmA 
Wedding/Impactor 8 x 10 in quartz <3.0 pmA 
Wedding/Impactor 8x 10 in quartz <3.0 uymA 
MiniVOL 47 mm Teflon <10 pmA 
MiniVOL 47 mm Teflon <2. 5umA 
MiniVOL 47 mm Tefton <10 pmA 
MiniVOL 47 mm Teflon <2.5 umA 


Wedding & x 10 in quartz <10 pmA 
Wedding 8 x 10 in quartz <10 pmA 
Wedding/Impactor 8 x 10 in quartz <3.0 pmA 
Wedding/Impactor 8 x 10 In quartz <3.0 pmA 
MiniVOL 47 mm Fefion <10 pmA 
MiniVOL 47 mm Teflon <2.5pmA 
MiniVOL 47 mm Teflon <10 pmA 
MintVOL 47 mm Teflon <2.5 pmA 


* Bold denotes at Jaast half of the minimum desirable sample mass. 


The road surface samples from runs BH-6, BL-7 and BM-7 were also analyzed 
chemically. (The second surface sample collected for run BM-7 was also used fo represent 
run BM-8, which was initiated on the same day that run BM-7 ended.) Table 28 lists the 
characteristics of the road surface samples that were analyzed by DRL 


Table 28. Road Surface Samples for Analysis 


Corresponding Sweeper Siltcontent Silt loading 
Date profiling test _ bag No. i 


3/16/96 694 


11/2/96 719 
3/15/97 823 (north) 
3/16/97 
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Portions of the quartz filters were also analyzed by polarized light microscopy (PLM) 
to identify particle components. Specifically, the polarized light microscopy was 
performed by IIT Research Institute (TRI) in Chicago, Dlinois. Particle identification was 
based on the optical (crystallographic) and morphological properties of the aerosols, which 
often permit simple distinction among chemically similar components. 


6.2 Sample Preparation 


Quartz filters were cut into strips so that portions could be analyzed by TOR, IC, and 
PLM (as discussed below). In a few cases, two strips from the same filter (blind 
duplicates) were analyzed by the same method to determine a measure of analytical 
reproducibility. 


Three particle size fractions of the road surface material samples collected in vacuum 
sweeper bags were segregated for analysis: 


* Silt particles passing a 200-mesh screen upon dry sieving 

« Resuspended PM-10 from the total road surface sample, as collected on 47-mm 
filters in the MRI Dustiness Test Chamber 

¢ Resuspended PM-2.5 from the total road surface sample, as collected on 47-mm 
filters in the Dustiness Test Chamber (if sample masses were sufficient) 


Table 29 presents the laboratory results of the road surface material resuspensions to 
collect PM-10 and PM-2.5 components in the MRI Dustiness Test Chamber. The average 
ratio of PM-2.5 to PM-10 for the resuspended road dust is 0.204. 


6.3 Chemical Analysis Results 


This section presents the chemical analysis results for the ambient and resuspended 
PM samples that were obtained as part of the Correlation Studies for the subject program. 
As stated earlier, the chemical analyses were performed by Desert Research Institute (DRI). 
The three classes of analytes were (a) elements [by x-ray fluorescence], (b) elemental and 
organic carbon [by thermal/optical reflectance], and (c) anions [by ion chromatography]. 


The work-up of the chemical analysis data required a considerable effort, using the 
raw analytical data files provided by DRE This began with blank corrections to the 
analytical results. With regard to elemental abundance results determined by x-ray 
fluorescence, the summary tables presented in this section are limited to elements that 
represented at least 1% of the sample mass, on average. The raw chemical analysis data 
are presented in Appendix D. 


The work-up of the analytical data involved the following steps: 
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Table 29. Res 


Run No. Sample inlet 


Sample 
Media 


teflon 
teflon 
quartz 
quartz 
teflon 
taflon 
quartz 
quartz 
teflon 
teflon 
quartz 


quartz 


teflon 
teflon 
quartz 
quartz 
teflon 
quartz 
teflon 
quartz 


which began on the same day. 
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No. of Sampling Delay, 


Pours 


Time (sec) 


66 


Total Mass Dustiness Index 


Dropped (9) 
841.8 
4,450.1 
718.1 
3,538.2 
856.3 
3,419.8 
810.2 
2,460.2 
376.0 
2,566.5 
365.0 
3,562.4 
441.8 
1,327.8 
442.0 
1,326.7 


(mg/kg) 


The second road surface sample collected during run BM-7 was used to represent run BM-8, 


1. The tabulated analytical results for each analyte category were separated by 
particle size within a test run, and then combined into a single spreadsheet. 


2. Fora given sample (filter), the measured abundance of each analyte (ug/filter) 
was divided by the net PM sample mass (j1g/filter) to get a series of percentages. 


3. The percentage of each analyte was multiplied by the PM concentration (p g/m?) 
represented by the sample to determine the concentration of analyte in the sample. 


4. The upwind concentration of each analyte was subtracted from the downwind 
concentration to determine the concentration increment (impact) due to roadway 
emissions. 


5. The roadway concentration increments were divided by the difference between the 
upwind and downwind concentrations, to obtain the percentage distribution of 
analytes in the roadway impact concentration. 


6. The analyte masses in the resuspension filters were divided by the net sample 
mass on each filter to obtain the mass percentage contribution of each analyte. 


7, An adjustment correction ratio was determined as follows: 
r=A-B/A 


where A is the cumulative percentage of analytes in the roadway impact 
concentration and B is the cumulative percentage of analytes of those elements in 
the roadway impact concentration that are not expected in significant amounts in 
the corresponding resuspended sample of road dust: sulfur, elemental carbon, 
nitrate, and sulfate. 


8. The analyte percentages from Step 6 were each multiplied by the adjustment ratio 
from Step 7 to obtain adjusted analyte percentages in each resuspended road dust 
sample. The adjusted percentages reflected the hypothetical addition of the 
“missing” constituents (identified in Step 7) to the resuspended road dust 
composition. 


9. The adjusted analyte percentages in the resuspended road dust sample were 
compared to the analyte percentages in the roadway impact concentration 
(downwind minus upwind concentration) for the same test run. 


The tables below show the analyte mass concentrations and mass percentages determined 
according to the above procedure. Tables 30 through 32 give the PM-10 analyses results 
for Runs BL-7, BM-7, and BM-8, respectively. Table 33 provides the average 
concentrations and percentages for runs BL-7 and BM-7 in combination. Tables 34 
through 36 give the PM-2.5 analysis results for Runs BL-7, BM-7, and BM-8, respectively. 
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Table 31. PM-10 Chemical Analysis Results for Run No. BM-7 
Upwind Downwind Difference Resuspension 


Sampler 
. teflon filter Dichot/Sum Dichot/Sum Dicho/Sum MiniVOL 


. quartz filter Wedding Wedding Wedding MiniVOL 
Particle Size 

. teflon filter <10 umA <1t0 pmA <10 pmA <10 pmA 

. quartz filter <10 pmA <10 pmA 
PMconc. tom) | - | a | - | 4 | 7 | - | raw _|achustoa| 


Totas | 6.3 | 179 | 638 | 281 | 102 | 598 | 689 | 199 _| 
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Table 32. PM-10 Chemical Analysis Results for Run No. BM-8 
Upwind Downwind Average Resuspension 


Sampler 

. teflon filter MiniVOL MiniVOL MiniVOL MiniVOL 

. quartz filter Wedding Wedding Wedding MiniVOL 
Particle Size 

. teflon filter <10 pmA <10 pmA <10 umA <10 pmA 

. quartz filter <10 pmA <10 pmA <10 pmA 
Pwcone wont) [ [ve [ [28 [a [Taw Tete 
Semsesifon fy it eg 


fareon. Owen | 140 | 27 | a | 41 | aa [sa | 20 | 18 
parenitiem | 86] 11] 03 | 22 [16] 75 | 07 | —- | 


rorais | 1 | 122 | oar | 03 | 107 | we | oa | o65 
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Table 33. Averag 
Upwind Downwind Difference Resuspensicn 


Particle Size 

. teflon filter <10 pmA <i0pmA <10 pmA <10 pmA 

. quartz filter <10 mA <10 umA <10 pmA <10 umA 
PMcone. wom) | 365] - | 65 | - | 1 | - | rw [adusted| 
sitcom —*i| 38 | ea | as | ie | 50 | 165] a0 | 102 | 
Auminum | 12 | 38 | 26 | s@ | 14 | 46] 78 | 32 
Grioide —*i| os | 1a | o7 | 11 | 02 | os | a7 | 78 | 
sur Sos | ts | 12 | 18 if o7 | at] os | - 
ren | 08 | o7 | os | o7 | o2 | ov | a7 | 14 | 
acum | 04 [ t1 [ 09 | 19 | os | ts | a5 [15 
Potassium | 03 | 40 | oo | t4 | 06 | 18 | 26 | 11 | 
Sodium | 06 | 18 | 18 | 27 | 12 | 37 | 41 | 24 
Carbon, Organ. | 62 | 76] ot | 122 | 12 | 60 | 60 | 17 
Carbone | 22 | 62 | s4 | 61 | 12 | 38 | 04 | - 
cnorne ——+|o1 | o4 | 02 | os | or | 03 | 20 | | 
Nite | 6s | t7e| e7 | ta; | 24 | 7e@ | ot | -_ 
sufte | 2e | et | a7 | 56 | os | a7 | ita | - | 
Toracs_ | 48 | 69.9 | 410 | 617 | 162 | 522 | 735 | 288 | 
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Table 34. PM-2.5 Chemical Analysis Results for Run No. BL-7 
Upwind Downwind Difference Resuspension 


Sampler 


MiniVOL 
MiniVOL 


MiniVOL 
Cyclone/Impactor 


MiniVOL MinIVOL 
Cyclone/Impactor| Cyclone/Impactor 


. tefion filter 


- quartz filter 


Particle Size 


<2.5 pmA <2.5 umA <2.5 umA 

- quartz filter <2.1 umA : <2.1 umA <2.1 pmA 

pMconc. am) | - | 2 | - | 9 | 18 | - | raw [adhstea| 

sion | wo | no] 40 | i# | - | - | 05 | 38 | 

uuminum | 17 | 04 | 19 | o7 | os | 28 | a7 | 11 
i Pno [No [ND | ND . 


. teflon filter 


Chide [12 [os [ ss | ie | 46 | Yee | ose | oe 
Nirato | 203 | 47 | 134 | 48 | oo | 12 | ot | - 
Sutate | 4 | ts | 42 | is | oo [os | 24 | - | 
rovars_ | 44t | ton | 528 | i90 | 74 | 546 | 731 | 283 | 
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Table 35. PM-2.5 Chemical Analysis Results for Run No. BM-7 
Upwind Downwind Difference Resuspension 


Sampler 
. teflon filter MiniVOL MiniVOL MiniVOL MiniVOL 
- quartz filter Wedding/Impactor | Wedding/Impactor | Wedding/Impactor MiniVOL 
Particle Size 
. teflon filter : ; : <2.5 umMA 
. Quartz filter 


PMCone. sm) [| - [| 18 | - | 2 | 7 | - | vw |aauated] 
[Composition —s|_ % | gym? | % | pom’ | pom? | % | % | % | 
Sten No | 


Sa OO 
TOTALS [eso | 96 | 322 | 71_|_18 | 256 | 406 | ai 
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Table 36. PM-2.5 Chemical Analysis Results for Run No. BM-8 


Upwind Downwind Average Resuspension 


Sampler 


MiniVOL 
MiniVOL 


MiniVOL MiniVOL MiniVOL 
Wedding/Ampactor| Wedding/Impactor | Wedding/Impactor 


. teflon filter 


. quartz filter 
Particle Size 


<2.5 umA 


. teflon filter <2.5 umA 


. quartz filter <3.0 umA : : : 
PMcone. tam) | - | 10 | - | 7 | 11 | - | raw _|acusted 
sion (| 8 | o4 | 63 ] 06 | 05 | 46 | 158 | 103 
Aiuminam | o7 | o1 | 10 | 01 | on | 09 | 46 | 30 | 
a A OE EB 
sur «| 10 | on | 1¢ | o2 | on | 12 | 06 | - 
ees OE ECE Cs a 


= 
Chere | 18 | 02 | 20 | o2 | o2 | 20 | 05 | 03 | 
<TD EG A CS TC 
sutate | va _|o7 | so | os | o7 | ei | os | - 
rovats_—— si] 72.9 | 73 | 532 | 64 | 68 | 622 | 486 | 304 | 
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The chemical analysis results for Run BL-7 are especially important because the 
sample masses collected on Teflon and quartz filters were wel] above the threshold values 
for reliable quantitation of chemical constituents. In addition, the relatively high silt 
loading (0.38 g/m?) and the consistent winds during the test run produced a high PM-10 
concentration increment (45 g/m” at the reference height) attributable to the roadway 
traffic. This run was from the artificial sanding series conducted at the Core Site in the late 
autumn of 1996. 


As evident from Table 30, there was good agreement between the constituent 
percentages in the roadway PM-10 impact (1.e., the “difference” column) and in the 
resuspended PM-10 (unadjusted) from the collected road dust sample. This is shown in 
Figure 8. Both silicon and chlorine were present at about the 20% level, as determined by 
XRF. The IC results also showed chloride ion at about the 20% level]. The TOR results 
showed that organic carbon was present at much higher levels in the roadway PM-10 
impact than in the resuspended PM-10. This finding agrees with other recent results 
indicating that tire particles (as the primary source of organic carbon)’ are directly emitted 
without passing through the particle “reservoir” on the road surface. Furthermore, little 
nitrate or elemental carbon was found in the resuspended PM-10 from the road surface 
sample, as expected. 


The distribution of major components in the PM-10 roadway impact from Run BL-7 
are shown in Figure 9. These components were estimated from the upwind/downwind 
“difference” percentages from Table 30, as follows: 


1. The silicon was assumed to be present mostly as SiO. (quartz) associated with the 
sand/salt mixture applied to Denver roadways in the winter for antiskid purposes. 


2. The chlorine was assumed to be in the form of sodium chloride, also associated 
with the sand/salt antiskid material. 


3. The organic carbon was assumed to be associated with tire wear particles, using a 
multiplier of three to account for the presence of other elements in the tire particle 
composition. 


As shown in Figure 9, 75% of the PM-10 impact from the artificially sanded test 
roadway was associated with the sand/salt application. Because of the friability of the salt, 
it was enriched in the road surface silt loading. In actual wintertime applications, most of 
the salt would be dissolved in the snow/ice, thus largely removing it from subsequent 
release to the atmosphere as PM-10. Under lower (baseline) wintertime silt loading 
conditions, the quartz component of PM-10 emissions would be reduced (according to the 
0.65-power relationship), and tire particle emissions would also be reduced because of the 
less abrasive road surface. 


7 The attribution of organic carbon to tire particles is supported by the results of microscopical analysis 
as described later in this section. 
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Figure 8. Comparison of PM-10 Contribution from Calculation and Resuspension Methods 
from Denver Paved Roads—Run BL-7 
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Figure 9. Chemical Abundance in PM-10 Contribution 
from Denver Artificially Sanded Road—Run BL-7 
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Table 31 shows a less favorable PM-10 constituent comparison for Run BM-7, which 
was conducted after a winter storm in early 1997. The chemical analysis of the PM-10 
resuspended from the road surface sample shows a reasonable distribution of constituent 
percentages. There is a strong silicon component from the sand, but the chlorine is reduced 
to less than 5 percent because of the dissolving of the salt component. The analytical 
results for the roadway PM-10 impact appear reasonable except for the high percentage of 
nitrate. In addition, the elemental percentages from XRF all appear to be low, possibly 
reflecting the partial loss of relatively small PM-10 sample masses from the Teflon filters 
during shipment of the filters to DRI for analysis. 


In Table 32, the upwind and downwind constituent percentages for Run BM-8 were 
averaged rather than subtracted, because of the lack of a strong roadway impact (mostly 
due to variable winds). It seems clear from the XRF results that much of the PM-10 
sample mass was lost from the downwind Teflon filter during shipment. Once again, the 
organic carbon in the roadway PM-10 impact may be attributed largely to the presence of 
directly emitted tire particles. 


The average chemical abundance in the PM-10 roadway samples may be represented 
by combining the results from runs BL-7 and BM-7, as given in Table 33. The correspond- 
ing distribution of major components in the roadway PM-10 impact as estimated from the 
“difference” column in Table 33, is shown in Figure 10. Note that the NaCl] concentration 
from BM-7 was also assigned to run BL-7 in the averaging process, to account for the 
relative unavailability of salt for resuspension after actual winter storm events. 


With regard to PM-2.5, the analytical results for Run BL-7 again show generally good 
agreement between the distribution of constituents in the roadway PM-2.5 impact and the 
PM-2.5 resuspended from the road surface sample (unadjusted), as shown in Table 34. 
However, the roadway PM-2.5 impact results show more pronounced effects of limitations 
in sample mass, especially for upwind XRF analyses. 


The roadway PM-2.5 impact for Run BL-7 exhibits an abundance of silicon, chloride 
and organic carbon, which again can be associated with the application of the salt/sand 
mixture and with the emissions of tire particles. However, no chlorine was detected by 
XRF in either the upwind or downwind PM-2.5 samples, probably as a result of limitations 
of original sample mass (or loss of sample mass during shipment of Teflon filters to DRI). 
The resuspended PM-2.5 sample shows large silicon and chlorine/chloride components but 
negligible organic carbon. 


The component analysis of the roadway PM-2.5 impact from Run BL-7 is similar to 
that presented for PM-10, except that only half the organic carbon is assumed to be 
associated with tire particles. As expected, soot (elemental carbon from unburned fuel) 
constitutes a larger fractional component in PM-2.5 than in PM-10. Once again, during 
winter storms, most of the salt component in these samples from artificially sanded roads 
would be dissolved and removed in the snow/ice melt, with little residue available for 
subsequent PM-2.5 emissions. 
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Figure 10. Average Chemical Abundance in PM-10 Contribution 
from Denver Paved Roads—Runs BL-7 and BM-7 
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The PM-2.5 chemical analysis results for Run BM-7 also show the effects of 
inadequate sample mass. None of the target elements were detected by XRF in the 
downwind sample. Also, the large sulfate component in the roadway PM-2.5 impact 
appears problematic. The analytical results for the resuspended PM-2.5 again appear 
reasonable, showing a prevalence of silicon with lesser amounts of the other key elements. 


The analytical results for Run BM-8 show good agreement between the upwind and 
downwind PM-2.5. For this run, use of the wind activated sampling system provided 
larger sample masses, even though the upwind and downwind PM-10 concentrations were 
very low and indistinguishable from each other. Organic carbon is the most abundant 
component in PM-2.5, and it is assumed that at least half of which can be attributed to 
directly emitted tire particles. The resuspended PM-2.5 from the road dust sample showed 
a larger fraction of silicon and organic carbon. The organic carbon in the resuspended 
fraction 1s believed to be.related mostly to sources other than tire particles. 


6.4 Microscopical Analysis of Results 


This section presents the results of the microscopical analysis of upwind and 
downwind PM-10 and PM-2.5 filters from the selected correlation study test runs. 
Tables 37 through 40 present the PM-10 microscopical analysis results for runs BH-6, 
BL-7, BM-7, and BM-8, respectively. Table 41 gives the average PM-10 results from a 
combination of tests (runs BH-6, BL-7, and BM-7). Tables 42 through 45 present the 
PM-2.5 microscopical analysis results for the same test runs. 


The anion percentages in the tables are expressed in association with the most likely 
component, consistent with the microscopical observations. The anion masses were taken 
from the DRI chemical analysis results. 


The percentages of silicate minerals, rubber tire fragments, and elemental carbon are 
based on particle number/volume counts. Using standard densities for observed particle 
types, the particle number/volume counts were converted to equivalent particle masses. 
The six constituents listed in the tables of microscopical analysis results were assumed to 
encompass al] of the particle mass. 


Typically the microscopical analysis results show that silicate minerals account for the 
largest portion of the sample masses on the filters analyzed. These minerals consist mostly 
of quartz (Si0,) and feldspars with minor concentrations of mica. Mineral particles were 
deposited on the filters as individual particles rather than agglomerates. 


Tire particles and ammonium nitrate typically account for the next largest portions of 
sample mass, although ammonium sulfate (fine particles) occasionally contributes a 
comparable mass fraction. The primary carbon containing components are tire particles 
and elemental carbon. There were only very slight traces of wood burning carbon with 
distinguishable wood structure and only in a few samples. There was little to no asphaltic 
material coating pavement mineral fragments in the samples. Alternately, these minerals 
could be fragments from road sanding or some combination of these two sources. 
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The average component abundance in the PM-10 roadway samples may be represented 
by combining the results from runs BH-6, BL-7, and BM-7, as given in Table 41. The 
corresponding distribution of major components in the roadway PM-10 impact, as taken 
from the “difference” column in Table 41, is shown in Figure 11. 


An unusual phenomenon was observed in the clustering of ammonium nitrate, sodium 
chloride, and tire particles. These were often co-deposited on filters as agglomerates. This 
gave evidence of a splash effect indicating a common arrival on the filter leading to 
co-crystallization of the wet agglomerates after deposition on the filters. 


The areal concentrations of particles on the filters were low enough in every sample so 
that this co-crystallization had to have occurred as the result of the arrival of a droplet 
containing chloride, nitrate, and one or more rubber tire fragments rather than resulting 
from a chance contact on the filter. 


Sodium chloride was also seen agglomerated with nitrate particles but without rubber 
tire fragments. Nitrate was also found alone, but sodium chloride was always associated 
with nitrate, tire fragments, or both. Nitrate was not found with tire fragments unless 
sodium chloride was also part of the agglomerate. Mineral particles were not found with 
sodium chloride or nitrate particles, but were occasionally seen attached to tire fragments. 
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Table 37. PM-10 Microscopical Analysis Results for Run No. BH-6 
Upwind Downwind Difference 


Dichot Sum Dichot Sum Dichot Sum 
37 mm Teflon 37 mm Teflon 37 mm Teflon 
<2.5-10 umA <2,5-10 umA <2,.5-10 mA 


PMGone wana) | - | | - | ™ | = | - 
ChioideasNaci_| 75 | 34 | a9 | 66 | a2 | t_ 
Nirateas (WHONOS | 77_| 35 | a1 _| 23 | -2 | -40_ 
Buiate as (nn@2s04 | 40 | 18 | @1 | 45 | 27 | 94 
Slicete Miners | 746 | ss6 | o17 | «se | 120 | a5 
FubberTieFregments | 45 | 20 | 176 | 190 | 110 | 360 


ElemeniaiGaron | 17 | 08 | 26 | 20 | 12 | «1 | 
TOTAL CCCC*dL:«Ct0.0 =| 45.0_—| 1000 | 740 | 29.0 | 1000 | 


Table 38. PM-10 Microscopical Analysis for Run No. BL-7 


Upwind Downwind Difference 


Wedding/Impactor | Wedding/Impactor | Wedding/Impactor 
8 X 10 quariz 8 X 10 quartz 8 X 10 quartz 
<10 pmA., <10 pmA <10 umA 


etm [ea | ae | 
Composition | % | gm? | % | nom? | worm? | 


rioideasNaoi | a7 | 20 | toa | 7a | ws | s18_ 
Nirateas (NHANGS | 255 | 112 | 43 | v7 | 15 | 33 
Bulate es wHa2so4 | 77 | 34 | 48 | 43 _| 09 | 20 
Siicatowneraa | o7@ | tee | ssa | soa | 27 | 728 | 
FubberTire Fragments | 20e | 90 | 42 | a7 | 68 | 17 


Elemental Carbon [18 | o@ | 19 [17 | 09 | 20 
TOTALS ss | (10000 | 44.0 =| 1000 | 890 | 45.0 | 100.0 _ 
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Table 39. PM-10 Microscopical Analysis for Run No. BM-7 


Upwind Downwind Difference 


Wedding/mpactor | Wedding/tmpactor | Wedding/Impactor 
8 X10 quartz 8 X 10 quartz 8 X 10 quartz 
<10 umA <10 pmA <10 umA 


Eee Se 7 
Komposiion ‘| _% | vom | _% | vom | vom | % | 
Chore aswel [ie | os | a7 | o7 | os | 15 
Nitrate as (wHawos | 02 | «9 | 228 | a7 | 40 | 203 | 
Euletewe wneasoa | 168 | «6 | 136 | 60 | 14 | @4 | 
Slicate ners | «a7 | vai_| sea | wa] 82 | s05 
RubberTre Fragments | 157 | 43 | 105 | 66 | 49 | 256 | 


Elemental Coron | 27 | 07 | 38 | 17] 10 | _57_| 
TOTALS | 1000 *| 27.0 | 100.0 | 440 | 17.0 | 190.0 


Table 40. PM-10 Microscopical Analysis Results for Ran No. BM-8 


Upwind Downwind Average 


Wedding/Impactor | Wedding/Impactor | Weddling/Impactor 
8 X 10 quariz 8X10 quartz — 8 X 10 quartz 


<10 pmA 10 pymA <10 umA 


PuGore oom) | - | | - | = [ms] - 
Renpesiton | _* | om? | % | vom | vom | % 
Priordeasnact | 40 | 08 | 48 | 12 | 10 | 44 
Nira as (NHONOS | 61 | 12 | 40 | 40 | 1a | 49 
Bufeteas wnejasoa__| 65] 12 | 55 | 18 | 13 | 59 _| 
Siloate Miners | 686 | 150_[ S07 | v4s_| Tov | 656 
FubberTre Fragneris | 126 | 24 | ara | 6a | a8 | a75 | 
Elemental Caton | 22 | 04 | 46 | 41 | 08 | a5 
TOTALS Cd Ct00.0 | 19.0 | 100.0 | 240 | 215 | 100.0 | 
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Table 41. Average Component Abundances in PM-10 Samples From 
Runs BH-6, BL-7, and BM-7 _ 


Upwind 
Particle Size <10 pmA <10 pmA <10 upmA 


PM Cone. (ugim) | 267 | - | 0 [| - | 08 | 
a | ug? | % | pom? | % | nom? | % | 
ee 
Nitrateas(NH4NOS | 65 | 169 | 82 | 120 | 17 | 57 | 
uate as weyasoa [a2 | ea | 49 | 7 | 17 | 55 _ 
Silicate Minerals | 208 | 636 | a74 | S42 | 166 | 540 
Rubber TieFragments | sa | 194 | a4 | 122 | a4 | 14 | 
Elemental Carbon _-|_o8 | 20 | 48 | 26 | 10 | a4 | 
rots ___-+| sav _| see | 020 | 1000 | 209 | i002 | 


Downwind Difference 


Table 42. PM-2.5 Microcopical Analysis Results for Run No. BH-6 
Upwind Downwind Difference 


Sampler Dichot/Fine Dichot/Fine Dichot/Fine 
Filter 37 mm Teflon 37 mm Teflon 37 mm Teflon 


M Cone. (1g/m3) 


Chloride as NaCl 


Nitrate as (NH4)NO3 


powers [ta [ots [ia [a na 
ElementalCarbon | 4.7 | os | 75 | 47 | at [itt | 
roa as Lee | aro] ins [ea] ems 
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Table 43. PM-2.5 Microscopical Analysis for Run No. BL-7 


Upwind Downwind Difference 


Cyclone/Impactor Cyclone/Impactor Cyclone/Impactor 
8 X 10 quartz 8 X 10 quartz 8 X 10 quartz 
<2.1 pmA <2.1 ymA <2.1 pMA 


Pucone.uom) +) - | = | - | » | = | 
ChiorideasnaGh | 20 | os | a7 | sa | 27 | 2068 
Nirateas (NH@Nos | 262 | 60 | wa | e2 | 02 | 16 | 
Sulatoas (wHajasoa | ee | 20 | se | 21 | oa | 05 
SiicaeMinems | 956 | 78 | sa | ves | 1a | 655 
FubberTre Fragments | 194 | 45 | isa | 55 | 11 | 02 | 
ElemerialCarton ‘| 88 | 2a | 04 | 02 | -21 | 164 | 
TroTaus_— CCT:«100.0*|| «2.0 | 1000 | 36.0 | 130 | 100.0 | 


Table 44. PM-2.5 Microscopical Analysis Results for Run No. BM-7 


Upwind Downwind Difference 


Wedding/Impactor | Wedding/Impactor | Wedding/mpactor 
8 X 10 quartz 8 X 10 quartz 8 X 10 quartz 
<3.0 umA <3.0 pmA <3.0 ymA 


Pucone. usm) | - | 1 | - | ~ | 7 | 
compostion «| | wom | | vom? | vom? | me _| 
chofdeasnacl ‘| 12 | o2 | or | o2 | 00 | 02 | 
Niato as (HANGS | aaa | 42 | 208 | 46 [03 | 25 
sutate as (wHayesos | 1e4 | 20 | 21 | «9 | 2a | 102 | 
Silicate Minerals —=«?«CS || ae | | | 
PubberTreFragments | _s2 | oe | 12 | 40 | 2 | 246 | 
ElemenialGarton | 47 | ov | uo | a1 | 24 | 105 | 
rotas | i000 | 160 | 1000 | 220 | 70 | 530 |] 
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Table 45. PM-2.5 Microscopical Analysis Results for Run No. BM-8 


Downwind 


Upwind Average 


Wedding/Impactor | Wedding/Impactor 
8 X 10 quartz 8 X 10 quartz 8 X 10 quartz 


<3.0 umA <3.0 pmA <3.0 pmA 


NT a 
Compostion | _% | wom? | % | vom® | vom? | ve 
Chieideasnaci_-| 25 | os | a7 | os | os | 26 
Nirate as (NANG | 80 [oa | 4a | 05 | o7 | 60 
Sutate as (NHaeSOa | or | 10 | 68 | 08 | 09 | oa | 
Slicate Minerals | os7_|e7 | eoa | 73] 70 | ea 
FubberTire Fagmens | 65 | 07 | m2 [17 | 12 | 107 
ElemenialGaton | 61 | os | ne | 14 | 10 | 04 _| 
ToTaALS, — CCis|:sCt00,.0 *| 10.0 | 1000 | 120 | 114.0 | 1000 | 


Wedding/Impactor 
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Figure 11. Average Component Abundance in PM-10 Contribution from Denver 
Paved Roads—Runs BH-6, BL-7, and BM-7 
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Section 7 
Composite Road Surface Sampling 


7.1. Sampling Methodology 


Composite samples were collected from Denver area arterial roadways as part of 
Task 1 during Year 2. These samples were obtained to provide the information about the 
time variations in amount and size distribution of road surface material. This information 
is useful in estimating the corresponding variations in air emissions, using the results from 
the Correlation Studies. To account for spatial variation during each sampling period, each 
surface sample was composited from 4 or 5 different sub-samples collected from different 
locations along a given road (with similar-ADT) in a general geographic area 
(approximately 1 to 5 square miles). 


There were 3 composite road surface sampling ‘‘areas” in metropolitan Denver and 1 
“area” in a rural nonattainment area (Aspen, Colorado). The procedure for composite road 
surface sampling is given in Figure 12. The two Denver area test roads other than Kipling 
(Jewell and Speer) were selected because they both featured an abrupt change in road 
surface treatment for antiskid control. Both used alternative materials to sand as indicated 


below. 


Jewell 
East of Sheridan Sand 
West of Kendall Reajite 


Speer 
Bannock to 11th Sand (south of Colfax) 


Lawrence to Kalamath MgCl, (north of Colfax) 


7.2 Test Results - 


The test results of composite surface sampling on Jewell and Speer are shown in 
Tables 46 and 47, respectively. 


When the silt loading variations are compared between sanded roads and roads treated 
with an alternative snow/ice control, several observations can be made: 


1. On the first day (“Day 1") after the surface of a sanded road dries enough to be 


sampied, there is a substantial increase (2 to 5 times higher) in silt loading when 
referenced to baseline/background levels. 
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Mark Colorado roads for sampling: 

a. Kipling ~ 

b. Another road subject to wintertime sanding, outside the Denver area. 
c. Two other Denver area roads subject to alternate deicing schemes. 


Each composite sample should consist of four increments spaced along the road over 
a distance of approximately one mile with approximately the same freely flowing 
vehicle speed. if not all four areas are located on the same road, they should be 
located on nearby roads of the same facility type and vehicle speed. 


Each increment should cover at least all lanes in one traffic direction [subject to 
modification]. 


Each increment location should be marked” with four successively larger areas 
progressing against the traffic flow as shown in the attached figure. On the day that 
the road dries after the snow event, the four smallest areas of the given road will be 
sampled; on the next day, the next largest areas will be sampled; and so forth. The 
successively larger areas will offset the decrease in loading as time progresses 
following a snow event. 


* Spray paint the corners of each incremental area (where “pins” can be located) or 
mark the curbing or adjacent sidewalk. 


Figure 12. Procedure for Composite Surface Sampling 


2. The effect of alternative snow/ice controls is most pronounced on Day 1. Both 
Realite and magnesium chloride resulted in 80% lower Day 1 silt loadings when 
compared to the corresponding sanded road surface. This leads to approximately 
60% reduction in the PM-10 emission factor estimated for Day 1. 


3. After Day 1, the effect of the alternative snow/ice control is far less pronounced. 
On average only a 20 to 30% reduction in silt loading was found when compared 
to the sanded road surface. Furthermore, in some cases no net reduction was 
observed. Because of the sublinear relationship between silt loading and PM-10 
emissions, the low level of reduction in silt loading indicates that PM-10 control 
efficiency is negligible. 


4. Finally, the data suggest that the differences in silt loading across various roads 
becomes less well defined during winter. For example, November sampling 
results showed both Jewel and the northern portion of Speer (i.e., Lawrence to 
Klamath) to be far cleaner than the southern portion of Speer (i.e., Bannock to 
11th). However, by the end of the third or fourth dry day after a winter storm, this 
distinction is not seen. In essence, dry baseline conditions in Denver appear to 
have the effect of creating a reasonably uniform baseline level of silt loading over 
roads in the area. 
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T6 


10/25/96 
11/15/96 


Sampling 


Location 


W of Kendall 
E of Sherldan 
E of Sheridan 
W of Kendall 
W of Kendall 
E of Sheridan 
E of Sheridan 
W of Kendall 
E of Sheridan 
E of Sheridan 
W of Kendall 
E of Sheridan 
W of Kendall 
E of Sheridan 


Traffle 
Direction 


m 


WwW 
Ww 
E 
E 
Ww 
Ww 
E 
Ww 
Ww 
E 
Ww 
E 
Ww 


Remarks 
Background sample 
Background sample 
Background sample 
Day 1—5 days after snow 
Day 1—5 days after snow 
Day 1—5 days after snow 
Day 1—5 days after snow 
Day 2—6 days after snow 
Day 2—6 days after snow 
Day 2—6 days after snow 
Day 3—7 days after snow 
Day 3—7 days after snow 
Day 4—6 days after snow 
Day 4—8 days after snow 


Days 1 and 2 refar to successive dry road days after a winter storm. 
* Because of equipment failure, filter bag 827 is invalid. 


** The mass of sample and bag for 828 exceeded the capacity of the balance. 


“ — Note #1: Bags 827 and 828 were welghed together at a later date. 


A Note #2: An extra bag of material labeled 834 835 was discovered. On 7/11/97, Mike McCarter suggested that it should be labeled 833 834. 
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Table 46. Jewell Paved Road Samples 


Total Area 
(m’) 


Bag No. 


Total 
Loading 
(gin) 


Silt Content 
(%) 


Silt Loading 
(g/m) 


(40) 


Table 47. Speer Paved Road Samples 


Sampling Traffle Totat Area Silt Content Slit Loading 
Location Directlon Remarks (m?) (%) (g/m?) 


11/14/96 Bannock to 11th Background sample 
Bannock to 11th Background sample 
Lawrence to Kalamath Background sampte 
Lawrence to Kalamath Background sample 

12/20/96 Bannock to 11th Day 1—4 days after snow 
Bannock to 11th Day 1—4 days after snow 
Lawrence to Kalamath Day 1—4 days after snow 


Lawrence to Kalamath Day 1—4 days after snow 


Bannock to tith Day 2—5 days after snow 


Bannock to 11th Day 2—5 days after snow 
Lawrence to Kalamath Day 2—5 days after snow 
Lawrence to Kalamath Day 2—5 days after snow 
Bannock to 11th Day 3—6 days after snow 
Lawrence to Kalamath Day 3—6 days after snow 


It is belleved the roads were swept between days 1 and 2, 5 days after the snow (wintertime background, after sweeping). 
Days 1 and 2 refer to successive dry road days after a winter storm. 
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7.3 Test Results—Aspen 


The test results of composite surface sampling in Aspen are shown in Table 48. 


Table 48. Aspen Paved Road Samples 


Total Total Silt Sik 
Sampling Traffic Area Bag Loading Content Loading 
- Location Direction (m7) No. (g/m*) (%) (g/m?) 


Maroon Creek Road 
Maroon Creek Road 
Castle Creek Road 


Main bet 4th & Sth, inside 
lanes 


Main bet 4th & 5th, tum lane 
Main bet 4th & Sth, bus lane 


Main bet 1st & Griminch, 
inside lanes 


Main east of Griminch, inside 
janes 


Hunter 25 ft north of Hyman 
Hunter bet Hopkins & Hyman 
Castle Creek Road 

3/9/97 Hopkins between 2nd & 3rd 


3/15/97 Main & 4th, inside lanes by 
intersection 


4/20/97 Airport, outside fans 
3/20/97 Airport 
Airport 
Maroon Creek Ad & Hwy 87 
Maroon Creek & Hwy 82 
Maroon Creek Rd & Hwy 87 
Hwy 82 & Airport 


Hwy 82 & Maroon Creek Rd 


Hwy 82 & Maroon Creek Rd 
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7.4 Test Results—Sweeping Effectiveness 


On June 11, 1997, MRI measured the effectiveness of broom sweeping (Elgin Pelican 
Sweeper) and vacuum sweeping (Elgin Whirlwind Sweeper) on Decatur Street in the City 
of Denver. Several days earlier, road sand had been applied to the road surface to simulate 
road surface loadings after a wintertime snow event, but most of the sand was subsequently 
washed off the road by a hail storm. Thus, the “before sweeping” sand loadings were much 
higher than normally encountered under wintertime conditions. 


The test results for the sweeping tests are shown in Table 49. In the case of the broom 
sweeper, the removal efficiency for total loading was much higher than the efficiency for 
silt loading. In contrast, the vacuum sweeper exhibited nearly the same removal efficiency 
for total loading and silt loading. Because of the fractional power dependence of PM-10 
emissions in silt loading, the corresponding PM-10 control efficiencies are correspondingly 
lower. 


Table 49. Street Sweeper Performance Test 


Totalloading Silt loading PM-10 control 
Bag No. (g/m*) (g/m?) efficiency 


Elgin Pelican Sweeper (broom type) 
Before Sweeping (100 ft”) 930/931 
After Sweeping (80 ft?) 932 


Removal Efficiency 

Eigin Whirlwind Sweeper (vacuum type) 
Before Sweeping (100 ft) 933/934 
After Sweeping (120 ft) 935 


Removal Efficiency 


It should be noted that the PM-10 control efficiencies in Table 45 are much higher 
than would be expected under more typical surface loading conditions. On the other hand, 
the calculated efficiencies are based on the effectiveness of silt loading removal from the 
traveled portion of the roadway. 


An equally important aspect of wintertime road cleaning is the removal of large 


accumulations of sand in gutter areas that act as supply reservoirs from which prindable 
materials can feed the active roadway for much longer time periods. 
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Section 8 
Study Findings 


This section summarizes the findings from both Year 1 and Year 2 of the study. 


8.1 Surface/Ambient Correlations 


Year 1 Testing 


The Year 1 testing provided initial data on the mass concentrations/loadings and 
particle size distributions of in-place road surface material and airborne emissions at the 
two test sites after winter storm events. It also yielded emission factors that could be 
compared with the predictive model found in AP-42. The measured emissions were 
generally higher than the AP-42 predictions but well within the predictive accuracy of the 
AP-42 equation. Moreover, the measured emission factors correlated strongly with silt 
loading. 


Lack of favorable wind conditions after winter storm events, which created significant 
problems in meeting the acceptance criteria for testing, limited the amount of testing that 
could be accomplished, especially at the site adjacent to the Denver Botanical Gardens. 
This difficulty was compounded by attempting to track winter storm events, rather than 
performing the correlation studies in more moderate weather, as originally proposed. 


As in prior studies, there was some disagreement between the particle size data yielded 
by the high-volume cyclone/impactors in comparison to the low-volume dichotomous 
samplers. (Only low-volume samplers could be used to determine the particle size of the 
road surface samples that were resuspended in the MRI Dustiness Test Chamber). 


The comparability questions about fugitive dust particle sizing devices have been 
addressed in a separate study funded by USEPA (MRI, 1997). That study involved 
colocation of the two devices used in the Denver Correlation Studies along with continuous 
monitoring equipment provided by USEPA. The particle sizing instruments were operated 
next to paved and unpaved test roads in Reno, Nevada; Kansas City, Missouri; and 
Raleigh, North Carolina. The final report was issued by MRI in April of 1997. 


The testing at the I-225 site showed that the impact of wintertime sand application on 
high-speed high-volume roads with limited access is short-lived. Once the road surface 
dries, the residual sand is quickly thrown from the active road surface except in confined 
locations around ramps. This finding is significant in concluding that the air quality impact 
of such roadways appears to be relatively insignificant. 
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Shift to Core Site 


The Year 1 experience also demonstrated the need for selecting an additional test site 
with the more favorable wind exposure to accomplish more efficient field data acquisition 
for the remainder of Correlation Studies. The criteria for the new “Core Site” were defined 
as follows: 


* Consistent winds over the 4-6 hour sampling period. 

¢ Relatively high traffic volume but with a speed not exceeding about 45 mph. 

* Ease of lane blockage for brief periods to facilitate road surface sampling. 

* Control of timing on sand application in relation to the daytime sampling periods. 


This site would feature relatively stable wind conditions coupled with low-to-moderate 
vehicle speed. It would probably be removed from the center city area. A CDOT- 
maintained road would be best, from the standpoint of traffic control as well as sand 
application. It is anticipated that correlation study testing efficiency would be greatly 
improved at such a site. 


Another key question related to whether it was necessary to restrict the correlation 
testing to post-winter storm periods. If sand (and water for wetting) could be applied to a 
road segment when temperature conditions are more moderate and wind conditions more 
Stable (and predictable), a much higher rate of correlation test data acquisition would be 
forthcoming. 


If the relationship between the road condition and the fine particle emission rate could 
be established under this condition, it then could be used to track the air quality rmpact of a 
winter storm event. This would be accomplished by coupling the emission versus surface 
loading relationship with monitored data on the changes in surface loading after winter 
storm events, for the most important facility types. The standardized road surface sampling 
technique would be used to track the surface condition based on the analysis of composite 
samples representing each important facility type. 


As a result of the agreement reached at the Project Status Meeting of May 8, 1996, a 
revised approach was used in completing the Correlation Studies to determine the 
relationship between road surface particulate matter and fine particle emissions. 


A new site on Kipling Street just east of the Denver Federal Center was selected as the 
“Core Site” for a multiple series of tests that were performed in October and early 
November 1996: 

Series 1. The pre-winter baseline silt loading (before winter storm events). 


Series 2. The impacts of sand application under conditions that simulate road drying 
after a winter storm event. 
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Series 3. The impacts of sand application associated with an actual winter storm 
event. 


Series 4. The winter baseline silt loading after the winter storm event(s). 


The core site (a CDOT road) was selected because of its more persistent winds 
coupled with high-volume, low-speed traffic and greater suitability for expedited sand 
application, surface sampling, and low-cost secuntty. 


After measurement of the pre-winter baseline silt loading (Series 1), the main test 
Series (Series 2) was directed to studying the emissions resulting from sand application 
under simulated high-impact wintertime conditions of the road surface. At the beginning of 
a test day, the sand was applied and then immediately wetted. When the road surface had 
dried, the emission sampling began. Each test included both a full plume (exposure) 
profiling and a surface loading characterization. 


As expected, in the absence of the “holding capacity” of snow and ice cover, the sand 
was thrown from the road much more rapidly than would occur during a significant 
wintertime snow event. This appeared to account for higher ratios of predicted to observed 
PM-10 emissions, due to the lack of opportunity for the silt to grind into finer components. 


During this test series, a number of profiling samples were composited, to provide 
sample masses that were adequate for reliable chemical analysis. Compositing was done 
mostly for upwind samples and low-volume downwind samples. 


Wind Activation 


Test Series 3 was conducted during the period immediately following an actual winter 
snow event that required sand application. It was used to validate (to the extent possible) 
the relationships developed from the Series 2 tests of controlled sanding. Once again, full 
profiling and surface characterization was undertaken. 


A wind activation system was proposed and implemented for Test Series 3 so that 
cumulative sampling times could be lengthened. This was intended to overcome severe 
limitations in suitable wind conditions. In the previous test series, shifts in wind direction 
were frequently encountered during the usual 10 a.m. to 3 p.m. window for manually 
activated exposure profiling tests. For security, the areas immediately surrounding trailer- 
mounted profiling towers were temporarily fenced. These fenced areas were located so that 
sampling can be undertaken under a range of expected daytime winds having either a 
predominant easterly or westerly component. 


The final testing (Series 4) determined the new surface loading baseline that was 


established after winter storm events began. The baseline was measured at times outside 
the high impact periods that encompassed individual winter storm events. 
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The samples collected during this period were combined with those collected earlier in 
determining chemical and morphological fingerprints of road surface and airborne 
particulate matter. Along with the mass concentration/loading and particle size data, this 
information will help establish the relationship between the road surface condition and the 
air quality impact over the winter storm cycle. 


Percentage of Road Dust in PM-10 Emissions 


Traffic generated paved road emissions consist of four components: vehicle exhaust, 
tire and brake wear, sloughing of underbody deposits, and suspended road dust. Of these 
components, only vehicle exhaust resides primarily in the fine fraction (PM-2.5) of PM-10. 
Background PM-10 on a “neighborhood” scale in a populated area surrounding an arterial 
roadway consists of roughly equal coarse and fine fractions. 


The test data suggest that for clean arterial roadways, PM-10 emissions from the 
roadway also have coarse and fine fractions that are roughly equal. In other words, the 
vehicle exhaust emissions are approximately equal to the contributions from the other road 
emission components. 


However, for the 24-br period following a winter snow/road sanding event (i.e., just 
after the roadway has dried), the data indicate that the 24-hr average silt loading on an 
arterial roadway is in the range of 3 to 10 times higher than the winter baseline silt loading. 
For example in February 1997, the silt loading at the Core Site on Kipling was consistently 
about 0.25 g/m? until the day after a sanding event, when it increased to about 0.70 g/m? 
On the other hand in the winter of 1996, the silt loading on I-225 immediately after a 
sanding event (0.184 g/m”) dropped to 0.0127 g/m? over the following two days. 


Consistent with the PM-10 emission factor equation for paved roadways, the PM-10 
emissions during a period with 2 5-fold increase in silt loading, will increase by a factor of 
about 3 (above the baseline emission rate). Because virtually all of these increased 
emissions are in the form of road dust, the percentage of the total PM-10 emissions from 
road traffic that consist of road dust increases from about 50% to as much as 80% or 90% 
during the “high impact” 24-hr period following road sanding. 


Percentage of PM-2.5 in PM-10 Emissions 


Prior tests of emissions from unpaved roadways and from heavily loaded paved 
roadways (MRI, 1997) indicate that as little as about 10% of the PM-10 road dust 
emissions reside in the fine fraction (PM-2.5). Thus, for dry paved roadways that have 
been recently sanded, with more than 80% of the emissions are in the form of road dust, the 
ratio of PM-2.5 to PM-10 in the road emissions may be as low as 10 to 15%. As the 
roadway returns to its baseline (“clean”) condition for the season, the ratio of PM-2.5 to 
PM-10 emissions increases to roughly 50%. 
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Results of Chemical and Microscopical Analyses 


The chemical and microscopical analysis results provide important data that can be 
used to answer the following three questions: 


1. What are the sources of dust on paved roads (in Colorado)? 
2. What are the size and composition of paved road dust emissions? 
3. What is the relationship between surface dust loading and PM-10 emissions? 


The results of chemical analysis show that silicon is the most abundant element in both 
the PM-10 source emissions and the resuspended PM-10 components of associated road 
dust samples. These element is related to the composition of road sand used in Denver for 
wintertime antiskid control. Chlorine was also found to be an abundant element when the 
sand/salt mixture was applied to dry roads (artificial sanding). 


Organic carbon is also abundant in the PM-10 emission samples, but much less so in 
the resuspended road dust. The microscopical analysis results show that organic carbon 
can be associated mostly with tire wear particles. The relative absence of organic carbon in 
the resuspended PM-10 component of the road dust substantiates other recent findings that 
tire particles are directly emitted, rather than resuspended, from the road surface. Substan- 
tial amounts of nitrate and sulfate are also present in the upwind and downwind PM-10 
samples, but not in the resuspended road dust. 


The roadway PM-2.5 impact also exhibits an abundance of silicon, chlorine (after 
artificial sanding), and organic carbon. Once again, these can be associated with the 
application of the salt/sand moisture and with the emissions of tire particles. The 
resuspended road dust PM-2.5 samples show a large silicon component but negligible 
organic carbon. As expected, soot (elemental carbon from unbumed fuel) constitutes a 
larger fractional component in PM-2.5 than in PM-10. 


8.2 Silt Loading Variations 


Method Validation 


The results of the laboratory testing conducted during Year 1 showed high recovery of 
surface silt from smooth and textured surfaces. This indicates that the inherent errors 
associated with the vacuuming process for silt loading recovery are small in relation to the 
natural variations in silt loading (spatial and temporal). Questions still remained, however, 
on the influence of operator subjectivity in deciding where to sample, i.e., specifically the 
boundaries of the traveled portion of the roadway. These questions were resolved by the 
collaborative field testing performed during Year 2. 
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Also during Year 1, a description of a standard method for determination of paved 
road silt loading was prepared under this contract. It has been included in this report as 
Appendix A. Although the standard method has many of the features of the version 
developed for AP-42, clarification and specificity was added, to provide for ease of 
implementation. In particular, special attention was given to sample compositing for 
greater representativeness and to the conversion of field and laboratory data to calculated 
silt loading values. 


With regard to the validation of the standardized procedure for determination of road 
surface silt loading, essential work was also performed in Year 2. This entailed collabora- 
tive testing of the proposed standard method by two independent groups, managed by MRI 
and AlphaTRAC, respectively to determine operator impacts on method reproducibility. 
These groups collected composite samples from colocated areas that alternated over the test 
road segment of the Core Site and in an adjacent parking lot. The embedding of collection 
areas helped assure that the areas sampled by each organization are essentially equivalent. 


Effect of Sanding 


An analysis of the effect of sanding on winter baseline emissions in Denver can be 
based on a comparison of silt loading measurements in the fall of 1996 and in the winter of 
1997. These measurements were made at the Core Site (Kipling, north of Alameda), Speer 
(on both sides of the intersection with Colfax) and Jewell (on both sides of the intersection 
with Sheridan). Only the areas of Speer and Jewell that were treated with sand are 
considered. 


According to the predictive emission factor equation in AP-42, PM-10 emissions are 
proportional to silt loading raised to the 0.65 power. Therefore, by examining the pre- 
winter baseline silt loading and the winter baseline silt loading for roads with wintertime 
sanding, the fractional increase in emissions can be projected. This increase in emissions 
represents a seasonal condition, without the enhanced impacts of individual sanding events 
during snowstorms. 


When sanded roads dry after such winter sanding events, the silt loadings (and PM-10 
emissions) tend to be at a maximum. These high emission periods extend in tume until the 
silt loading has returned to the winter baseline level. The time needed to return to the 
baseline conditioned ranges from only a few hours, for high-speed limited-access 
roadways, to a week or more for residential roadways. For arterial roadways, which 
account for a substantial portion of the paved road particulate emissions, the time to return 
to the baseline condition is the order of a few days, depending on the amount of sand 
applied and the length of time for the snow melt on the roadway surface. 
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The baseline silt loading results are summarized as follows: 


Baseline Silt Loading (g/m*) 


Kipting 0.05 (November 6, 1996) 0.30 (March 15, 1997) 
Jewell 0.10 (November 15, 1996) 0.70 (December 23, 1996) 


(East of Sheridan) 


Speer 0.30 (November 14, 1996) 0.50 (December 22, 1996) 
{South of Colfax) 


The ratios of winter to prewinter baseline silt loadings range from about 2 to 6. The 
corresponding range of PM-10 emission ratios 1s approximately 1.5 to 3. 


8.3 Emission Control Effectiveness 


In an effort to reduce the air quality impacts of wintertime sanding, various portions of 
the Denver Metropolitan Area have committed to reductions in sand application and to 
street sweeping programs to remove residual sand, as required to meet the goals of 
transportation conformity. The base year for determining the reductions is 1989. Sanding 
reductions for individual subareas, to be achieved by the year 2000, range from about 30% 
to as much as 75 %, Statistics on Denver area sand application already show substantial 
reductions in sand application over the past few years. The 1994-1995 application rate 
typically represents a reduction of at least 30% in comparison with the period around 1990. 


Also within the 6-county area, alternative deicers are being tested in many localities. 
Magnesium chlonde is the most commonly used chemical. It is being tested as a pre- 
wetting agent, an anti-icer, and a deicer. 


Reduced sand application has an immediate, and predictable, effect on reduced PM-10 
emissions. This applies not only to the period of greatest air quality impact, when the road 
surface has dried immediately after a winter storm event, but also to the wintertime 
baseline condition. Less preferable as a contro] method is sweeping to mitigate the effects 
of road sanding. Year 2 testing of broom and vacuum sweeping effectiveness showed 
PM-10 control efficiencies that were enhanced by the unrealistically high silt loading that 
was applied to a dry road for test purposes. While more typical silt loadings for sanded 
roads are more difficult to remove by sweeping, the pick-up of larger sand accumulations 
in gutter and other infrequently traveled areas eliminates supply reservoirs that feed the 
active roadway for much longer periods. In effect, these reservoirs otherwise tend to raise 
the wintertime baseline silt loading that encompasses multiple winter storm events. 
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Appendix A 
Sampling Procedure for Paved Road Silt Loading 
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Sampling Procedure for Paved Road Silt Loading 
Background 


The overall objective in a paved road surface sampling program is to inventory the 
mass of particulate emissions from one or more roads within a study area. This is typically 
done by: 


1. Collecting “representative” samples of the loose surface material from the roads 
that represent each functional category; 


2. Analyzing the samples to determine the silt fraction; and 


3. Combining the results with traffic data for each road category to calculate 
particulate emissions generated by that road category using a predictive emission 
factor model. 


Before a field sampling program is undertaken, it is necessary first to define the study 
area of interest and then to determine the number of paved road samples that will be 
collected and analyzed. For example, in a well-defined study area such as an industrial 
plant, it is advantageous (and usually feasible) to collect a separate sample from each major 
paved road, because the inventory resolution can be useful in developing cost-effective 
emission reduction plans. Similarly, in geographically large study areas, although sampling 
of a large number of roads is not practical, it may be feasible to aggregate several sample 
increments in obtaining samples representative of given road types within the area. 


Paved road surface sampling necessarily involves consideration as to types of 
equipment to be used. Specifically, provisions must be made to accommodate the 
characteristics of the vacuum cleaner chosen, specifically the size and weight of the “tared” 
filter bag. Upright “stick broom” vacuums use relatively small, lightweight filter bags, 
while bags for industrial-type vacuums are bulky and heavy. Because the mass collected 
should be several times greater than the bag tare weight, uprights are better suited for 
collecting samples from lightly loaded road surfaces. On the other hand, for heavily loaded 
roads, the larger industrial-type vacuum bags are easier to use in aggregating incremental 
samples from all road surfaces. 


Appendix C-1 to AP-42 (USEPA, 1995) provides guidelines on how many samples 
should be collected from different lengths of road, depending upon the desired definition of 
the study area. The remainder of this protocol describes in detail the mechanics of how a 
sample should be collected, but does not present any additional guidance on how to design 
an overall sampling program. In other words, it is assumed that the investigator will already 
have decided upon the major features of the sampling program, including: 
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* how many roads should be sampled 

* how many times each road should be sampled to characterize seasons of the year, 
impacts of snow events, and so on | 

¢ whether incremental samples should be aggregated within a single vacuum bag 

* what type of vacuum sweeper will be used 

¢ what quality assurance activities will be conducted 

* what safety precautions and Jane closure procedures/permits need to be obtained 


Procedure 
The following steps describe the collection method for samples (increments). 
Inspecting the Vacuum Cleaner 


Vacuum cleaners be carefully inspected prior to field use for collecting surface 
material samples. It is recommended that the measurements shown in Table A-1 be made 
at the time a new vacuum is purchased. Thereafter, prior to the start of a field testing 
exercise, the measurements should be repeated. The vacuum cleaner not be used for 
sampling if the new measurement is not at least 80% of the original value. 


Table A-1 
Variable Common Range of Vaiues 


Vacuum drawn Mercury-in-tube manometer 2to 5in Hg 
or digital manometer 


Pressure drop across Digital manometer 1 to 2 in H20 
cleaning head 


Finally, prior to each use in field, a simple leak check should be performed after the 
empty bag has been loaded. The leak check consists of placing a cover or hand over the 
inlet and listening to the motor. If the motor does not quickly strain under the load, the 
device should re-assembled and checked. 


Preparing Vacuum Bags 


Begin by numbering and then tare weighing the individual vacuum bags. Using a 
permanent ink marker, associate each bag with a unique identification number. Then weigh 
the bag to the nearest 0.1 g. Record the bag identification number and tare weight in a 
laboratory notebook. Also write the bag identification number and tare weight on a 
resealable envelope. Seal the bag within the envelope, double checking the identification 
number and weight. Include two rubber bands in the envelope. Transport the bags to the 
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sample collection site, using reasonable precautions—such as placing envelopes in a closed 
cardboard box—to keep the envelopes and bags clean. 


Selecting/Marking the Sampling Site 


Te 


Safety Consideration: For the safety of the field crew, ensure the sampling site 
offers an unobstructed view of traffic; conversely, sampling personnel must be 
visible to the drivers. Sampling crews should consist of at least two persons at all 
times, so that one crew member can “spot” and route traffic safely around another 
person collecting the surface sample (increment). The ability to safely collect the 
sample is the most important feature of any site. 


Identifying Sampling Areas: Determine the traveled portion of the roadway 
encompassing all travel lanes. The area should include the portion of the road over 
which vehicles routinely pass and should not include shoulders, gutters, parking 
lanes, and so on. The traffic should be observed at the site for at least 5 minutes in 
making this determination. On roads with painted side markings, the traveled area 
normally extends “from white line to white line” (but excludes centerline 
mounds). Otherwise, the outside edges of the traveled area (parallel to traffic 
direction) are usually indicated by a band of increased discoloration (loading) that 
extends to the curbing. 


The width of the collection area (distance paraliel to travel direction) is dependent 
on the anticipated surface loading and the number of increments to be gathered in 
providing adequate sample mass. If increments are being aggregated, all sampled 
areas should be within 10% of the same size. The widths may be varied between 
0.3 m (1 ft) for visibly dirty roads and 3 m (10 ft) for clean roads. When an 
industrial-type vacuum is used to sample lightly loaded roads, a width greater than 
3 m (10 ft) may be necessary to meet sample specifications, unless increments are 
being combined. For public roadways, even if increments are being combined, it 
may be necessary to sweep several hundred square feet of road surface for each 
increment in order to obtain adequate sample mass. 


Marking the Areas: Using suitable markers (or quick drying spray paint), mark the 
outside edges of the traveled portion of the road. Using string or other suitable 
markers, mark the sampling width across the road. (WARNING: Do not mark the 
collection area with a chalk line or in any other method likely to introduce fine 
material into the sample.) 


Collecting the Coarse Sample 


Collect any large, loose material present on the surface with a whisk broom and 
dustpan. NOTE: Collect material only from the portion of the road over which the wheels 
and carriages routinely travel (i.e., not from berms or any “mounds” along the road 
centerline). The swept material should be stored in a clean, labeled container of suitable 
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size, such as a metal or plastic 19 L (5 gal) bucket, with a sealable polyethylene liner. Once 
the vacuum sample has been collected, the broom swept material is added to the vacuum 
bag. 


Collecting the Fine Sample 


Remove a clean vacuum bag and record its identification number and tare weight on a 
data form of the type shown in Figure A-1. Load the bag into the vacuum cleaner according 
to the manufacturer’s instructions, obeying any markings that indicate “UP,” “FRONT,” 
etc. 


Vacuum the marked area, going over the total area at least twice. When beginning 
vacuum cleaner operation, if noticeable dust is observed at the vacuum exhaust port, 
discard the bag and refit with a new bag. If sampling is interrupted because of passing 
traffic, mentally note the area last swept so that you may return to the same spot when 
traffic clears. The same filter bag may be used for compositing increments of the sample 
collected from different segments of the test roadway or from multiple roadways. 


For heavily loaded roads, you may notice that the vacuum device becomes less 
effective in removing the loading. In that case, more than 1 filter bag may be needed for a 
sample (increment). Remove the first bag (see handling instructions below) and place a 
new bag in the vacuum device. Record the new bag identification and tare weight on the 
data form and indicate in the comment section that more than one bag was used. 


Retrieving the Sample 


Carefully remove the bag from the vacuum sweeper and check for tears or leaks. Seal 
broom-swept material in a clean, labeled plastic jar for transport. (Alternatively, the swept 
material may be placed in the vacuum filter bag.) Fold the unused portion of the filter bag, 
wrap two rubber bands around the folded bag, replace the bag within its own envelope, and 
store the bag for transport. On the sample collection sheet (Figure A-1), record the required 
information, including a general description of the sampling area, the dimensions of the 
sample area, approximate time that the sample was taken, whether or not the surface was 
broom swept and, if so, whether the mass was added to the bag. 


Weighing the Sample 


Once sampling activities are completed, measure and record in a laboratory notebook 
the full weight of each vacuuming, preferably using the same balance as used for the tare 
weights. When broom swept samples are collected, they should be at least 400 g (1 1b) for 
silt analysis. Vacuum swept samples should be at least 200 g (0.5 Ib). Also, the weight of 
an “exposed” filter bag should be at least 3 times greater than the tare weight. Additional 
increments should be taken until these sample mass goals have been attained. 
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SAMPLING DATA FOR PAVED ROADS 
Date Collected Recorded by 
Sampling location * No. of Lanes 
Surface type (e.g., asphalt, concrete, etc.) 
Surface condition (e.g., good, rutted, etc.) 


* Use code given on plant or road map for segment identification. Indication sampling 
location on map. 


METHOD: 


1. Sampling device: portable vacuum cleaner (whisk broom and dustpan if heavy 


loading present) 
2. Sampling depth: loose surface material (do not sample curb areas or other 


untravelled portions of the road) 
3. Sample container: tared and numbered vacuum cleaner pags (bucket with sealable 


liner if heavy loading present) 
4. Gross sample specifications: Vacuum swept samples should be at least 200 g 
{0.5 lb), with the exposed filter bag weight should be at least 3 to 5 times greater 


than the empty bag tare weight. 
Refer to AP-42 Appendix C.1 for more detailed instructions. 


{indicate any deviations from the above: 


SAMPLING DATA COLLECTED: 


Sampling 

Surface Mass of 
Tare Wgt Dimensions Broom-Swept 
Sample + 


Vacuum Bag 


+ Enter "0" if no broom sweeping is performed. 


Figure A-I. Example Data Form for Paved Roads 
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Recovering the Sample 


The following steps describe how the sample is recovered from the vacuum bag for 


analysis: 


I 


Cover a working area on a bench or a table top with (a) aluminum foil, 
(b) commercially available laboratory material (such as BenchKote), or (c) other 
suitable non-porous material. 


After removing the bag from the envelope and placing it on the storage working 
area, carefully open one seam of the bag (being careful not to lose any pieces of 
the bag) and pour the material into a container such as a plastic or glass (Mason) 
jar. Add the material from the broom swept portion of the sample. (The most 
important feature of the container is that it must allow one to completely recover 
the material.) 


To recover the material adhering to the interior of the bag, open all seams of the 
bag completely. Unfold the bag until it lies flat on the working surface. Do not 
discard any pieces of the bag. Use a moderately stiff, short-bristle brush (a 
toothbrush is acceptable) to recover material attached to bag surface. As material 
is removed, place it in the same sample jar as used earlier. Take care not to abrade 
the bag itself. Store the recovered sample to be analyzed for particle size 
distribution. 


Once you have recovered as much material as practical, reweigh the empty bag 
(including any loose pieces) and record the empty bag weight in a laboratory 
notebook. 


Calculations 


The total mass loading “L” is found by: 


where: 


L=(F-TV/A 


= surface loading (g/m?) 
vacuum bag final weight (g) 
vacuum bag tare weight (g) 
total area sampled (m2) 


uuur 


Because not all material can be recovered from the vacuum bag, it is useful to define 
both upper and lower bounds on the silt loading (sL). The upper bound assumes that all 
material left in the bag (i.e., the difference between the “empty” and tare weights) consists 
of silt, i.e., particles smaller than 200 mesh (75 pm physical diameter). In that case, an 
upper bound on the silt loading is found by: 
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(sL), =s F-EVA+(E-TVA 
where: (SL), = upper bound on surface silt loading (g/m?) 


silt fraction (<200 mesh) of the recovered sample 


a 
Hl 


E = _ empty vacuum bag weight after sample recovery (g) 


A total road surface area sampled (m7) 


A lower bound on the silt loading results when one assumes that the material 
remaining within the bag has the same size distribution as the recovered material. Thus, the 
lower bound is found by: 


(sL), =s(F-TVA 


where: sL; = lower bound on surface silt loading (g/m?). 
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Appendix B 


Field and Laboratory Data 
from Correlation Studies 
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OON OO AWN 


Sampler Avg. Filter 

Sampler Sampler Sampler Sampler Run Tima Avg. Ternp. Avg.8.P. Pressure Fiewrata 

Run Data Location ID Start Time Stop Time {min) (deg. F) (in. Hg) = fin. H20) (ft/min) 
BH-i 02/28/96 Cyclone 1m DW 68 11:40 14:23 163 338 24.86 16.82 38.97 
Cycione 3m OW 69 11:40 14:23 163 18 24.86 15,93 38.25 
Cyclone 5m DW 7 11:40 14:23 163 18 24.86 15.97 39,27 
Cyclone 7m DW 74 11:40 14:23 163 18 24.86 18.65 39.39 
Wedding 2m OW 1598 11:40 14:23 163 18 24.86 15.85 39.54 
BH-2 03/01/96 Cyclone 1m DW 77 09:46 15:48 360 37 24.54 17.12 39.78 
Cyclone 3m DW 68 09:46 15:46 360 37 24.54 17.20 39.48 
Cyclone 5m DW 69 09:46 15:48 360 37 24.54 17.49 38.72 
Cydone 7m DW 74 09:46 15:46 360 37 24.54 16.93 38.86 
Wedding 2m DW = 1598 09:46 15:46 360 37 24.54 16.78 40.13 
BH-3 03/02/96 Cyclone tm DW 7 08:46 14:46 360 46 24.55 16.64 40.14 
Cycione 3m DW 68 08:46 14:46 360 48 24.55 17.29 39.75 
Cyclone 5m DW 69 08:46 14:46 360 46 24.55 418.13 39.94 
Cydione 7m DW 74 08:46 14:46 360 46 24.55 17.78 40.09 
Wedding 2m DW 1598 08:46 14:46 360 46 24.55 16.55 40.45 
BH-5 03/16/86 Cyclone 1m DW 6a 09:18 13:18 240 48 24,62 ATAS 39.86 
Cyciona 3m OW 74 09:09 13:09 240 48 24,62 17.53 40.21 
Cydione 5m DW 69 09:09 13:09 240 48 24.62 17.12 40.15 
Cyctona 7m DW 78 09:09 13:09 240 48 24.62 16,84 40.21 
Wedding 2m DW 1598 09:09 13:09 240 48 24.62 18.14 40.29 
Cyclone 2m UW 7? 08:59 42:59 240 48 24.62 16.59 40.21 
Cyclone 7m UW 78 08:59 12:59 240 48 24.62 16.63 40.29 
B-1 
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N Qo P Q R $ T U Vv Ww x Y 2 


M 
2 
a PM10 
4 WL. after PMto Concentration Mean Wind PM10 
5 Sampler Filter Tare Wt. Final Wt. Nef Wt. Blank Concentration (upwind Speed Exposure 
: Run Location Number (mg) (mg) {mg) Correction (ug/m*3) correcied) (mph) IFR (mgsem*2) 
8 8H-1 Cyclona tm DW 9551021 4516.65 4529.00 12.38 13.29 74 B 40 25 O.0575 
9 Cyclone 3m OW 9851022 4526.05 4536.45 10.40 41.34 63 2 29 35 0.0274 
10 Cyciona Sm DW =9551023 39 4516.45 4557.76 41.25 42.18 233 192 24 4.3 0.2012 
11 Cyciona 7m OW 9551024 4498.20 4530.50 2.3 3324 183 142 21 4.9 0.1362 
iF Wadding 2m DW 9552011 4163.00 4169.90 6.00 6.00 Kx) ay 
4 
14 BH-2 Cyclone im DW 9551031 4596.25 4606.95 10.70 11.64 2 18 13.4 1.0 0.2280 
45 Cyclone Im OW 9551032 4455.00 4460.35 §.45 6.29 16 48 163 09 0.0728 
16 Cyclone Sm OW 9551033 4477.45 4481.70 4.25 $.19 $3 1.3 17.7 141 0.0310 
7 Cyciona 7m OW 9851004 4493.90 4503.80 5.90 10,84 27 16 18.6 1.0 0.2815 
: Wadding 2m DW 9552012 4168.25 4174.20 6.95 5.95 15 152 
1 
20 BH3 Cyciona im DW 9551038 4557.30 4561.60 4.30 5.24 13 3.8 13.1 1.1 0.0481 
21 Cyciona 3m DW «9551039 4491.95 4496.20 425 5.19 13 3.8 16.5 0.9 0.0404 
2 Cyclona Sm OW 9551040 4529.90 4532.20 3.30 4,24 10 1.4 18.1 1.1 0.0165 
23 Cyctane 7mDW 96551041 4623.20 4525.75 255 3.49 9 0.0 19.2 10 0.0000 
s Wedding 2m OW 9652013 4152.65 4187.20 4565 455 1 15.3 
2B BH Cyclone im DW 9551067 4471.45 4550.55 73.10 78.93 295 252 4.4 7.4 0.2275 
27 Cyclone 3m DW 9851066 4461.70 4853.25 91.55 92:38 301 28 47 0.5419 


338 
Cyclane Sm DW 9551065 4455.70 4472.45 16.75 17.58 64 
Cyclona 7mOW 9551064 4448.10 4456.80 11.70 12.53 46 49 38 2.8 0.0461 
Wedding 2m OW 9552016 4455.35 4469.95 14.60 14.50 53 
Cyclona 2m UW 9551069 4638.35 4548.35 10.60 10.83 40 
Cyclone 7mUW S551068 4924.86 4531.35 6.50 7,33 27 


BH-4 9551044 «4543.85 4542.75 “1.10 
9551045 4515.10 9 4514.35 0.75 
9551046 4490.05 4488.95 -1,10 
9551047 4499.60 4492.80 -0.80 
40 9552014 4148.55 4148.55 0.60 


BBSREESRESRR 


42 +225 glass fiber blank averaga = -0.94, Sx = 0.19 
43 1-225 quartz blank average = 0,00 


44 

45 BH-S 9551048 4527.60 4526.80 0.80 
46 9651049 4525.70 4525.15 0.55 
47 9551050 4498.65 4495.80 0.85 
48 9851051 4506.25  4505,15 1.10 
en 99520!5 4386.80 4386.90 10 
51 Botanic garden glass fiber blank average = -0.83, Sx = 0.23 


Botanic garden quartz biank avatage = 0.10 


S8=R8-08 , 

57 T8=88+0,S4 for Bri-1-3 glass Aber,-S8 +0_00 for BH-1-3 quartz, =S8+0.85 for BH-6 glass fiber, =S8-0. 10 for BH6 quartz 
$8 V8=(TB*1D0OV{L8"H9"0.02832) 

2 ZA=W8"1E-07"X8°HE"0,44704"60 


B-2 
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8 c D = F G H } J K 
Sampler 

Sampler Sampler Sampler Sampler Run Time Avg. Temp. Avg. B-P. Flowrale 

Run Date Location (3) Start Time Stop Tima (min) (deg. F) (in. Hg) (fl43/min) 
BH-1 02/28/96 Cyc/lmp 2m UW 731 11:21 14:23 182 18 24.86 20 
Cyc/lmp 2m OW 73 14:40 14:23 163 18 24.86 20 
BH-2 03/01/86 Cyc/imp 2mUW = 731 08:45 14:45 360 37 24,54 20 
Cye/lmp 2m DW 73 09:46 15:46 360 37 24.54 20 
BH-3 03/02/96 Cyclimp2mUW 731 08:23 14:23 360 46 24.55 20 
Cyc/Imp 2m DW 73 08:48 14:46 360 46 24.55 20 
BH-6 03/16/96 Cycimp2mUW 731 08:59 42:59 240 48 24.62 20 
Cyc/Imp 2m DW 73 09:09 13:09 240 48 24.62 20 

B-3 
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27 
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S8=RB-08 
=98+.85 for botanic garden 8 X 10 
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Botanic garden 4 X 5 blank average = -1.27, Sx = 0.061 
Botanic garden 8 X 10 lank average = -0,75, Sx =0.0 


Ta=S$8+1.04 for !-225 4 X 5, =S8+0.85 for |-225 8 X 10, =S8+1.27 for botanic garden 4 X §, and 


Wt. after 
Sampier Stage Fier TaraWt Fina) Wt Net WL Blank 
Run Lecation Number § Number (mg) (mg) (mg) — Corraction 
BH-4 Cycflmp 2m UW LS | 9558112 1522.40 1520.70 1.70 0.66 
S-2 9558113. 1810.55 1509.40 1,15 0.14 
$-3 9558114 1515.20 1513.95 “1.25 021 
Backup 9551027  4488,80 4491.35 255 3.40 
Cye/Imp 2m OW S-1 9558169 1510.40 1510.00 0.40 0.64 
$-2 9558170 = 1513.70 1513.60 0.10 0.94 
$3 9558171 4510.95 1516.45 0.50 0.54 
Backup 9598028 4421.40 4423.05 1.65 2.50 
BH-2 Cye/tmp 2m UW +1 95658164 1519.45 1519.00 0.45 0.59 
S2 9558167 1489.50 1489.00 0.50 0.54 
$-3 9558168 1609.15 1508.15 “1.00 0.04 
Backup 9551020 444210 4442.50 0.40 125 
Cyc/lmp 2m OW S-1 9558162 1523.15 1523.20 0,05 1.08 
S-2 9558163 «1511.70 1517.45 0.25 0.79 
$-3 9558188 1499.65 1499.10 0.55 0.49 
Backup 9551030 4444.50 4445.55 1.05 1.90 
BH3 Cyc/imp 2m UW S1 9658172 §91833.50 1532.45 =1.05 0.01 
$-2 9558173 1514.15 = 1810.15 -1.00 0.04 
§-3 9558174 1517.35 1515.95 -1,40 0.36 
Backup 9551037 4505.50 4505.70 020 1.05 
Cytilimp 2m DW S-4 9558175 1498.70 1497.95 0.75 0.29 
$2 9558177 1519.90 1518.70 0.20 0.84 
$3 9558178 1537.05 1536.35 270 0.34 
Backup 9651036 4478.75 4479.20 045 4,30 
BH-S Cytiimp 2muUWw S14 9858190 152260 1523.45 0.85 2.12 
$2 9558191 1517.60 1519.20 1.60 2.87 
S-3 9558192 1528.35 1528.55 0.20 1.47 
Backup 9551056 4583.25 4585.25 2.00 275 
Cycimp 2m DW S-1 9558111 1533.55 1534.20 0.65 1.52 
$-2 9558124 1493.20 1495.55, 235 3.62 
$3 9558125 1509.35 1510.60 4.48 2.72 
Backup 9551057 4580.70 4583.15 245 3.20 
FIELD BLANKS 
BH4 Cye/Imp 2m UW S-1 9558181 1524.50 1523.55 0.95 
§-2 9958182 1931.10 1530.10 -1.00 
$3 Q55B18S 1523.40 1921.60 -4.80 
Backup 9551042 4514.90 4514.00 0.90 
Cycfimp 2m DW +1 9558188 1515.80 1515.18 0.65 
$-2 9558189 1625.75 1524.75 -1,00 
$3 9558180 1516.60 1515.75 0.85 
Backup 9557043 4548.00 447 20 0.80 
1-225 4 X 5 blank average = -1.04, Sx = 0.39 
1-225 8 X 10 blank average = -0.85, Sx = 0.071 
BH-S Cycimp 2muUW S141 9558185 154720 1845.90 -1.30 
$2 9558186 = 1546.45 1545.15 1.30 
$3 9558187 1536.30 = 1835.10 “1.20 
Backup 9551052 4531.25 4830.50 O75 
Cyeflmp 2m OW S-1 9558193 1514.95 1543.60 1.35 
$2 9558194 1504.30 1503.10 1.20 
S-3 9558184 1525.05 1523.80 125 
Backup 9551053 4548.05 4547.30 A075 


HRGERISeS&BvVAMAUNE 


BH-3 


BH-6 


Bold valves indicate where blank corrected net fitter weights are at least 3 times 
the standard deviation of the blank correction. 


Values preceded by a < indicate instances where at least one blank corracted net filter weight 
is less than 1 standard deviation of the blank corraction. The standard deviation of 
the blank correction Is used in piace of the nat fiter weight to calculate the concentration. 


Sampier 
Location 


Cyc/imp 2m UW 


Cyc/imp 2m DW 


Cyc/Imp 2m UW 
Cyc/lmp 2m DW 


Cyc/lmp 2m UW 
Cyc/lmp 2m DW 


Cye/lmp 2m UW 
Cyc/Imp 2m OW 


MRI-APPLIED\R429 1-02 


4 


Y 


Particulate Concentration (ug/m*3) 
less than stated size 


2.4. um 


410.2 um 


B-5 


BRRONVBISaSAATSR Ag eersMmMacn 


tS 
SI 


SSSASAPANAIGSESUSTEARLSREGHRLEBLESSAGEEGSZSESBYBREBHESRY 


BH1 


8H-2 


BH-3 


AL0U96 


owo2z/e6 


OY 16/96 


DichavQ 2m UW 
DichoT 2m DW 
DichatQ 2m DW 


Dichot/T 2m UW 
DichovQ 2m UW 
DichovT 2m OW 
Dichet/Q 2m DW 


Oichot/T 2m UW 
OichovO 2m UW 
Dichot/T 2m DW 
Oichat’Q 2m DW 


Olehot/T 2ra UW 
DichoVQ 2m UW 
DichouT 2m DW 
Dicho’Q 2m Dw 
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Sampler Sampler 
Start Tima Stop Time 


1D 
421707 
174242 
933053 
933057 


421707 
174242 
933053 
933057 


421707 
174242 
933053 
983057 


421707 
174242 
933053 
933057 


(min) = {dag. F) 
198 18 
196 18 
161 18 
161 18 
360 37 
380 37 
360 37 
340 a7 
360 46 
360 46 
360 46 
360 46 
240 48 
240 48 
240 48 
240 48 


Sampler 
Sampler Run Time Avg. Temp. Avg. B-P. 


(in, Hg) 


Flowrate 
(diter/rnin} 


ON OH DOA 


SRRIERRERLEBRNARPYAN 


~ 
= 


K ie) Pp Q R s T v w 
WI. efter 
Blank PM25 PM10 
Sampler Filler TareWt = FinalWt. = Net Wt. Correction Coneartration Concaniration 
Run Location Number (mg) (mg) (mg) (eng) (ugin*3} (ugim*3) 
BH-1 DichovT 2m UW 9559086 144 96 124.2% 0.05 0.04 10.20 21.38 
9559087 197.42 117,46 0.08 0.03 
DiehevQ 2m UW = «9550078 92.39 92.29 0.00 0.01 <4 <3. 
9550061 93.34 93.31 0.03 0.02 
DichoyT 2m DW 9559093 111.61 Vi474 0.10 0.09 8.28 40.01 
9559006 115.52 118.55 0,03 0.02 
DichovO 2m OW 9550076 $2.32 $2.38 6.06 0.07 0.00 26.03 
9580077 90.49 90,48 0.01 0.00 
8H-2 DichouT 2m UW = 95S0088 114442 114.51 0,09 0.08 3.70 16.63 
9§559C89 114.77 144.80 6.03 0.d2 
DichottO 2m UW 9350072 52.52 92.50 0.02 0.01 <0 <d 
9550073 92.18 92.14 0.04 0.03 
DichowT 2m DW 9550090 172.30 112.48 0.10 0.09 TAt 21,62 
9559054 13.76 113.61 0.05 0.04 
DichstG 2m DW 9550074 91.10 91.19 0.09 0.10 <0 <7 
9550075 91.92 91.90 20.02 0.01 
BH-3 DichoUT 2m UW 9559057 115.55 115.57 0.02 0.0% 5.58 6.65 
9559058 115.29 118.33 0.04 0.03 
DichovQ 2m UW 9550043 91.51 91.54 6.03 0.04 S456 11.64 
9550024 91.50 91.92 0.02 0.03 
DichevT 2m OW 9558059 416.12 116.19 0.07 0.08 1.85 11.64 
assgag2 115.89 115.91 0.02 0.01 
DicholQ 2m DW 9550045 92.47 92:53 0.08 0.07 1.85 13.34 
9550048 89.04 89.84 0.06 O01 
BAS DichovT 2m UW 9559041 122.79 172.95 0.16 0.15 5.58 A242 
9559042 123.35 423.38 0.03 0.02 
DiehotO 2m UW 9550025 91.64 51.82 0.18 6.18 <27 <3 
9650027 90,92 50.91 4.01 0.01 
DienotT 2m DW 9559043 116.36 116.55 0.19 0.18 <4 <46 
9s59044 123.95 123.96 0.01 0.00 
DichoVO 2m DW 9550029 90.32 80.84 0.32 0.32 22 99.80 
9550028 92.35 92.43 0.08 0.08 
Bold velues indicale where blank carrected net filter weights ere ot teast 3 times 
FIELD BLANKS the stancard dewstion of the blank correction. 
8h 9559053 117.58 117.55 0.00 Values preceded by a « indicate instances where al least one blenk corrected nal filer weight 


is lags than 1 standard daviation of the blank carrection. The swandard deviation of 
tha blank correction is used in piace of tha net filter weight to ealcuste the concentration. 


SEBSEELES 


w 
= 


BASSESIBREBRISBSIHALA 


9559056 116.32 116.32 
9550039 92.10 52.09 0.01 
3550040 93,72 93.74 0.01 
9550041 92.24 223 OM 
9550042 92.19 92.18 0.01 

b225 Teflon blank average = 0.01, Sx = 0.0058 

1-225 quartz blenk average = 0.01, Sx = 0.00 

6H-5 9556049 121.18 121.19 6.01 

95S6C 50 193.61 113.62 0.01 
9550051 117.65 117.66 0.01 
9850052 VWI7.17 117.17 0.00 
9590034 92.21 92.20 0.01 
9560015 90.88 90.89 0.0% 
9580035 90,95 96.96 0.01 
9550037 92.38 92,28 0.00 


Botanic garden Teflon btank average = 0.01, Sx = 0,005 
Botanic garden quartz blank averaga = 0.00, Sx = 0.0096 


SB=RE-CS 

Te=S2-approariste blank averaze 
V@=TS"1000/(18°0.001°H8) 
W2=(Ta+T9)"1000/(16.7°0.001°H8) 
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DOnRNeaene 


10 


21 


N ° P a R 5. T v w 
WL afler 
Blank PMZS PIO 
Sampler Fiter Tare Wt, = Fini Wi. Net Wt. Carrection Concentration Concentration 
Run Locatan Numbar (mg) (mg) (mg) (mg) (ugim*3) (ugim*3) 
BH. GienaT 2m UW 9550086 13418 4414.21 0.05 OD4 10.20 rie) 
9650087 117.22 17.4 aw 6.03 
DichovG 2m UW =9550076 32.29 9239 0.00 002 <37 “95 
9550081 93.44 $3.31 403 0.01 
DichotT 2m GW 9550003 111,64 VWI 0.40 0.09 428 40.91 
365004 V15.52 St5S5 6.03 0.02 
DichoyQ 2m DW 9550076 9232 92,38 0,08 0,08 444 33.47 
9550077 90.40 90.48 0.01 0.01 
BH-2 DichotvT 2m UW = 8550088 11442 1051 rok.) 0.08 4.70 48.83 
essenee 114.77 114,80 0.03 om 
DicrevO 2m UW 9550072 $2.52 92,50 O02 0.00 <20 <37 
9850073 92.18 92.14 0.04 082 
Oicho/T 2m OW 9989090 Naa 112.49 0.10 0.08 V4 21.82 
9550091 114.76 113.84 0,05 004 
DicroVQ 2m DW = 9S50076 91,10 $1.19 0.00 0.11 <25 <20 
9ss007S 91.92 91,90 002 0.00 
@H-3 OlichovT 2m UW «956B057 116.55 15.57 O02 0.01 6.58 6.65 
ossg0sa 118.29 15.23 0.04 0,63 
DichovQ 2m UW = 9550043 91.51 9154 0.03 0.05 TA1 14.97 
9650044 91,90 91,92 0.02 0.04 
DichovT 2m OW 9569059 116.12 116.19 0.07 0.06 145 11.64 
9ss0002 116.20 118,91 0.02 ont 
DichovQ 2m DY =§550045 m5) 0.08 0.08 270 16.63 
95S0046 69.84 69.64 0.00 0.02 
BH Olchov/T 2m UW = B55a041 W278 122965 0.16 0.18 3.58 42.42 
o539042— 123.35 124.38 0.04 0.02 
DichovQ dn UW = sarxi2s 91.64 o1.42 0.18 0.18 <a <4a 
S5S0027 $0.92 90.9% 0.01 Ot 
DichovT 2m OW 9855043 116.36 116.53 0.19 0.18 “14 <46 
965004 12308 123.96 0.01 0.00 
DichoVO 2m OW 9550029 32 90.54 0.22 Om 22 BO.8D 
9550028 9235 92.43 0,08 0.08 
Bold values indicala where blank corrected nat fittar weights are at lems{ 3 times. 
BIELO BLANKS tra standard deviation of the biank carmction. 
BR< 9gs90s5S 157,59 147.59 0.00 Velues preceded by @ < indicate insiances where st least ong blank cocreciad net fier weight 


ig less Ihan 1 standard devistion af the bignk correction. The standard daviation of 
the blank cerrection is used in place of the net filter weight to catcuete the concentration. 


BASSIASFLASLASBISRLSAHSSSSARKACBRILSSESSHREBAZ EVE RBELERERBRYUBRREN 


9550056 = 116.22 0.00 
9550035 92io 2.09 0.01 
9650040 93,72 $3.71 0.01 
9550041 7224 9223 0.01 
S5EK)42 ax 2.18 GO 
pss0oat Sh34 93.31 oo 
BSS0077 90.49 90.48 0.01 
9550072 92.52 92.80 0.02 
9880073 92.18 92,14 0.04 
90075 91.22 nS 0.02 
1-225 Teflon blank average = 0.01, Sx = 0.0053 
225 quanz blenk average = -0.02, Sx = 0.011 
BH-S SIMS 121.18 21.19 0.04 
955905 173.61 113.62 6.01 
$550051 117.635 117. 0.01 
9550052 W717 W717 0.00 
3550004 8224 9220 O01 
8550036 $0.88 90.59 0.01 
3850036 90.95 90.96 oni 
5580037 $2.98 92.38 0.00 
Qss0o7? ge 90.91 4.01 


Bofanc parden Tefion blank average = 6,01, Sx = 0.005 
Botanic gardan quartz Stank average = 0,00, Sx = 0.012 


So=F5-03 
Tl 


inte blank verse 


V@aT9*1000/(15"0.001°H8) 


W8=(T8+T9)°2000/(16.7°0.001°H8) 
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BURRAASSaRSRISETSeaNawaun 


x 
a 


SRREME BER 


a 


SREASSKIESTSRESKRTOS 


02 
1 
1b 


105 ( S&mplore were staal off from 11225 = 13:04 due ip unbevorabis wind. 


AL2 (a 


a2 


aL 


BL-7 


BL-8 


BLT 


BL-10 


ec 


10/2496 


tazsee 


10286 


1102/96 


110396 


(c 
id 


1005 


te 


aa 


es 


Cyctone 2m UW 
Cyctone Sm UW 
Cycione 7m UW 
Wadding dm UAW 


Cyciane 2m OW 
Dytiona Im OW 
Cyclone Son OW 
Cyclone 7.6m DW 
Cycdtne 10m DW 
Weddéetg Im OW 


Cyttone dra UW 


Cyclona 2m UW 
Cycona Sen Lie 


Cyciene 2m OW 
Cycione 3m DW 
Cyctone Sm OVW 
Cycione Im OV" 
Wedding Im OW 


Cyclana 2m UW 
Cyclone Sm UW 
Cyclone 7m UW 


Cydena tm OW 
Cycnns dem OY 
Cyciane Sen OVW 
Cyclona 7.5m OW 
Cyclone 10m OW 
Wedding 3m DW 


Cyctana 2m UW 
Cyclona Sm UW 
Cydona 7m UW 
Wedding im UW 


Cyciana 2m DW 
Cyctone Sem DW 

Sm DW 
Cyciona 7.51 OW 
Gyciona 10m GW 
Wedding In OW 


Cyciona 3m OW 
Wedding in OW 
Cyclone 3m OW 
Waring Sen OW 


Cytiane 2m (RW 
Cyrione Sm UW 
Cycons {Gm LW 
Wedding a UW 


Samplec 
lo 


(08 tb Upwind VWadding ls a composite of rns BL-2, 3, and 4. 
(07 (0 Cclocaind with Cycione # 77. 

108 {4 Colocated with Wedding # 1600, 
100 (a Upednd Wedding is a composite of runs BLS, 10, and 11, 
110 {f Cotscated with Cycions 2 78, 
t11 (gq Conswind Wodding is 5 compesiia of runs BL-8, 10, and 11. 
{(2 th Calocased with Cydona 878. 
483. @ Cotoeatat with Cycions 674 


$4 
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ad 


Sampler 


Avg. Filter 


Run Time Avg. Temp. Avg. B.P.  Prassura 


244 
244 
ma 
wa 


244 
ma 
244 
244 
244 
a“ 


474 
x? 
24 


¢ G 
Sampler = Samplac 
Stat Time Stop Tire (min) 

1244 16:45 
taad 16:48 
1244 1e4a 
Ly 09 56:48 
1240 16:44 
12:40 16:44 
1246 16:44 
12:40 16:44 
12:40 16:44 
1240 16:44 
O%S3 1606 
OSS té06 
09:48 16:08 
08:48 16:06 
3:48 16:08 
03:48 16:08 
60:44 16:08 
627 11:40 
27 1140 
o%45 1638 
0869 11568 
09:55 11238 
09:58 11:38 
05:59 113358 
1029 13:04 
1028 13:08 
103 13208 
1025 13x03 
125 13.08 
1025 (2:08 
1025 12:08 
10:25 13:08 
10:25 1 
1124 18:32 
W124 15:32 
11:24 1532 
1124 15:32 
1128 15 
1128 15:36 
{92a 15,36 
11:28 1% 

11:28 15:36 
11:26 15:36 
12:04 15:4 
12: 1644 
12:04 1s 
1204 (534 
4142 1258 
ibter 4 1258 
$tri2 12:58 
14:25 13:00 
11:25 14:00 
11:25 13:00 
123 13:00 
10:25 1%00 
1128 1a 
10:40 1246 
10:46 12:46 
1040 1246 
134 12:48 
16045 12:48 
10:33 12:48 
10.34 1248 
10-04 124s 
10035, 12:48 
1035 1465 
10:55 14:65 
10:45 14:55 
14:06 15:00 
1100 18:00 
11:00 15:00 
{ima 1820 
1100 1320 
11a 152 
14:08 15:00, 


(dag. F) 


SSESSS SSE 


tn 


i 


Be 


SRSa Ee eLK 


BERRER 


GhGEBAK 465° SRSHSR BRR BSSsses YSRB Bases 


26.18 
24.18 
24,18 
24,58 


2a.18 
24.18 
24,908 
24.18 


dn, Ha) fia. H20) 


1477 
1467 
14.80 
$4.40 


146 
that 
14.96 
$4.82 
14.67 
14.17 


14.43 
14.44 
14.80 
£3,091 


14.60 
14,62 
14,89 
14.77 
13.50 


14.4 
14.47 


4.04 
1445 
1$.12 
14.73 
13.18 


441 
14.53 
14.44 


14,65 
14.44 
{5.07 
14.43 
14.63 
118 


14,99 
16.01 
13.06 
14.07 


1438 
14.83 
1414 
14,02 
14.42 
1.89 


Flowrale 
(acin} 


40.55 
4. 
0.72 
irs 


QR 
40.85 
41.07 
40.12 
40.86 
4124 


40.57 
ou 
O55 
44.40 


40.24 
40.62 
40.66 
40.41 
41.28 


40.37 
18 


39.90 
40,74 
40.73 
39.39 
40.82 


40.41 
40.81 
40.56 


0,42 
40.78 
Ox 


SOUNHOWALNE 


41 


BESSSESRRERRESESSRERLES 


AL-t 


BL-2 


m-3 


BL4 


BL-7 


SL-9 


te 


€ 
(+) 


BL-10 


But 


Sampler 
Location 


Cyclone 2m UW 
Cycione Sm UW 
Cyctone 7m UW 
Wedding 3m UW 


Cyclones 2m Ow 

Cycione Im DW 

Cyctone 5m DW 
Cyclone 7.5m OW 
Cyclone 10m OW 
Wadding 3m Dw 


Cyclone 2m UW 
Cyclone Sm UW 
Cydone 10m UW 
Wedding Im UW 


Cyclone 2m OW 
Cydciens im OW 
Cytione Sm DW 
Cyctons 7m DW 
Wedding 3m OW 


Cyclone tng UW 
Cyctone Sm UW 


Cyclone 2m DW 
Cyclone 3m OW 
Cydona Sm DW 


Cyelane 7m OW 
Wedding 3m Ow 


Cydona 2m UW 
Cycione Sm Uw 
Cycone 7m UW 


Cyclons 2m DW 

Cyclons 3m OW 

Cyclone 5m DW 
Cyclona 7.6m OW 
Cyaione 10m OW 
Wedding Im OW 


Cyclana 2m UW 
Cyclone Sm UW 
Cydana 7m UW 
Wedding 3m UW 


Cyclone 2m Ow 
Cyctions Im Ow 
Cyctiones Sm OW 
Cyclone 75m DW 
Cyclone 10m OW 
Wedding im Ov 


Oydiona Ios OW 
Wedding $m OW 
Cycione 3m Dw 
Wheading 3m DW 


Cyctone 2m UW 
Cyclone Sm LW 
Cyclone thm LW 
Wedding 3m UW 


Cyclone 2m OW 
Cyclone Im OW 
Cyclone Sm OW 
Cyclones 7m DW 
Wedding 3m DW 
Cyctone Im OW 
Wedding 3m DW 


Cycione 2m UW 
Cycane Sm UW 
Cyclone 10m UW 


Cydone 2m OW 
Cycione Im OW 
Cycone Sm DW 
Cyclone 7m OW 
Wedding 3m OW 
Cyclone 3m OW 


Oytions 2m UW 
Cyctane Sen LAW 


Cyclone 7m UW 


Cyclone 2m OW 
Cydane am OW 
Cyclone Sm OW 
Cyclone 7.4m OW 
Cydone 10m OW 
Wedding am OW 
Cycione 3m DW 


Filter 


Number (rng 


9622004 
8622006 
9622007 
9823004 


9622001 
9522005 
9622002 
3622008 
9622000 
3423003 


9622008 
9622010 
$6z20t1 
9623005 


9622012 
9622013 
$oz2014 
22015 
S62300E 


72018 
3622019 


9622020 
9622021 
8622022 
8622023 
9623007 


9622017 
9822025 
9622026 


9622027 
9622028 
9622029 
9622020 
962202¢ 
9623009 


8522047 
9622048 
8622049 
9623023 


SEZIOAS 
5022046 
9622033 
9622030 
8672040 
9az7024 


Tara we 


A3GLI0 
47914,70 
4267.40 
1095.96 


4273.00 
4326.55 
4321.16 
4237.75 
4346,0 
9362.05 


S\95.15 
4825.30 


4105,$0 
4155.00 
4299.35 
4259.10 
TRIi955 


4235.00 


4170.80 . 


4175.85 


4105.70 
4169.60 
4189.65 
4182.00 
4210.30 
3360.70 


4N2TVAS 
4120.45 
4140.03 
341,65 


416350 
4100S 
414145 
410,10 
4081.15 
78.75 


4445.70 
1378.85 
4462.89 
7304.65 


4148.48 
4451.25 
4433.05 
3345.95 


4426.30 
ANAS 
4496.75 
4449.25 
3328.30 
4444.00 
3397.05 


4446.76 
4438.75 
4464.15 


4448.34 
4456.00 
451.70 
4442.50 
3331.55 
4458.45 


4474.45 
4465.48 
A 


FinslWe Nei Wi. Comectian 


(np) 


4374.20 
4284.70 
4271.38 
3958,38 


A2TOBO 
4731.25 
4324.40 
AU425 
4a38.30 
3300.55 


4237 450 


4229.20 
ATTAAS 
4179.40 


415,95 
AITSAS 
4194,45 
4186.20 
4214,20 
4341,90 


4939,14 
4130.84 
444.20 
FATES 


4194.25 
4194.90 
4160.10 
4116.36 
4052.80 
3397.20 


4451.45 
Tass. 44 
4450.55 
08.45 


4147.35 
4431.50 
439,50 
3345.26 


44¥4,20 
4429.85 
4438.80 
4460.85 
1990.45 
444725 
3406.65 


M46,10 
36.80 
4483.65 


4450.25 
4467.35 
4447.50 
4442.50 
704.80 
450.40 


ATO 
4487.00 
446640 


Gm) 


7.80 
3.00 
3.95 
2.60 


3.60 
4,70 
3.40 
5.50 
3.00 
470 


6.45 
4.10 
6.00 
950 


(mg) 


0.42 
3.52 
4.4? 
341 


4.12 
5.22 
3.62 
8.02 
3.62 
484 


6.97 
6.82 
6 $2 
10,31 


8A7 


Vv 


PMiG 
Concentration 


(ugt@3) 


30 
12 
16 
12 


Ss 
48 
13 
22 
12 
16 


22 
21 
21 
a3 


28 
3t 
FF) 


Pry 


an 


$09 


BNGR BESaA 


~ 
rans 


NGO 


vevona 


Ww 
PIC 


% 


Cencentcalon Mean Wind 


(upeind 


ensrectad) 


ealtsga aAnugu mOucaoD 


Woursow 


SonBad 


Speed 
(mph) 
27 
15 


red 


rN Po N; 
BYANaU BNE 


0.0075 


0.0079 


0.0527 
00414 
0.0386 
o.aas1 
0.0080 
6.6308 
0.0006 
9.0000 
0.6000 
6.0000 


0.0529 
0.0517 
0.0201 
0.0257 
0.0278 
0.0437 


G.0365 
0.0283 
4.0000 
0.0031 
ofa74 
0.0029 
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104 
105 
106 
107 
408 
109 
110 
WH 
112 
113 
114 
115 
116 
117 
118 
419 
120 
121 
122 
123 
124 
425 
126 
127 
128 
129 
130 
131 
132 
133 
44 


1si sanding 


2nd sanding 


Glass fiber 


Quartz 


Glass fiber 


Quartz 


Glass fiber 


Quartz 


9622035 
9622036 
9622037 
9622038 


9623012 
9623014 
6923015 


9622031 
9622042 
9622043 
9622044 


9623017 
9623030 
9623031 


9622077 
9622078 
9622079 
9622080 


9623043 
9623044 
6923045 


435 Glass fiber blank average = -0.52, Sx = 0.43 
136 Quartz blank average = -0.81, Sx = 0.93 


137 
138 


139 S8=R8-Q8 


130 T8=S8- appropriate blank average 
144 V10=2T10°1000/L.10°H10"0,024832 


142 W13=V/13-appropriata upwind concentration 
143 Z13=W13°1E-07°X13°H15°0.44704°60 


4166.50 
4131.90 
4142.00 
4156.10 


3385.40 
3369.80 
3372.15 


4213.35 
4065.00 
4116.45 
4189.25 


3383.30 
3370.45 
3353.20 


4474.15 
4477.00 
4495.55 
4431.10 


3358.55 
3339.50 
3341.35 


$165.95 
4131.30 
4141.35 
4185.65 


3363.70 
3369.00 
3371.05 


4213.10 
4063.50 
4115.55 
4188.70 


3383.30 
3368.40 
3351.45 


4473.55 
4476.75 
4495.30 
4431.40 


3358.75 
3340.05 
3340.75 


-0.55 
-0.60 
-0.65 
0.45 


-1.70 
-0.80 
-1.10 


-0.25 
1.50 
-0.90 
-0.55 
9.00 


-2.05 
1.75 


-0,80 
0.25 
025 
0.30 


0.20 
0.55 
0.60 


B-11 


BL-7 


BL-8 


BL-9 


BL-10 


BL-11 


TOs26/96 


10/28/96 


11/02/96 


11/096 


11/04/96 


11/05/96 


11/06/96 


Sampter 
Location 


Cye/imp 3m UW 
CycAmp 3m DW 


Cyc/imp 3m UW 
CycAmp 3m DW 


CycAmp 3m UW 
Cycimp 3m DW 


Cyc/imp 3m UW 
Cyc/imp 3m OW 


Cyc/lmp 3m OW 
Cyciimp 3m DW 


Cyc/imp 3m UW 
Cyc/imp 3m OW 
Cye/imp 3m DW 


Cycimp 3m UW 
Cyc/imp 3m OW 
CycAmp 3m DW 


CycAmp 3m UW 
CycAmp 3m OW 
Cyc/imp 3m OW 


Sampler 
10 


mH 
73 


7m 
7 


73 
T31 


73 
TH 


F G 
Sampler Sampler 
Stari Time Stop Time 
09:53 16:06 
09:48 16:08 
09:27 11:40 
08:59 11:38 
10:29 13:08 
10:25 13:09 
11:24 15:32 
31:28 15:36 
12:04 1§;34 
12:04 18:34 
14:12 12:56 
11:25 13:00 
11:25 13:00 
10:40 12:46 
10:36 12:48 
10:35 12:48 
10:55 14:55 
11:00 15:00 
11:00 15:00 


H 


Sampler 


Run Time Avg. Temp. Avg. 8.P. 
(in. Hg) 


(min) 


274 
281 


133 
98 


159 
164 


248 
248 


210 
210 


104 
$5 
95 


126 
433 
133 


240 
240 
240 


(deg. F) 


41 
54 


39 


24.00 
24.00 


24.20 
24.20 


24.04 
24.04 


24.73 
24.73 


24.35 
24.39 


24.50 
24.50 
24.50 


24.30 
24,30 
24.30 


24.50 
24.50 
24.50 


Flowrate 


{(ft43/min) 


20 
20 


20 
20 


20 
20 


20 
20 


L i) M 1) Pp 

2 

3 

4 

4 Sampler Stage Fike 

6 Rua Location Numbers = Number 

7 — 

a BL-2 CycAmp SmUi S14 9628003 

3 $2 sa28002 
10 $3 9628001 
af (6 @ackup  s62%001 
12 

13 Cyctmp imOw = 5-1 9628006 
14 52 9628005 
15 SJ ee28004 
18 Backup 9673002 
17 

18 63 Cycimp Im UWS 9628009 
{9 2 9g26a08 
20 ey SB26007 
a @ Bacay 9673001 
2 
a Cyeimp nD S-1 9620012 
ra) 8-2 s620011 
3 &3 9$62801D 
6 Backup 9623008 
7 

au al Cyetrp im AW SI oO 
a $2 e62a014 
6 53 9628013 
it rc) Backup 9623001 
2 

xu Cycle an OW S-1 9628018 
3 &2 9628017 
BLY 3 Hs 
Fed Sacam s671010 
“& aL-? Cycimp am UW 8-3 Da2a027 
39 52 S628026 
40 $3 3628025 
41 Gackup 823026 
42 

4a Cyctmp imCW OO S-1 9628026 
4 S2 9628035 
45 $3 96280 
46 Bacup 9670028 
aq 

48 BL-8 Cyeimp n OW 1 9820035 
4 82 9628008 
so $3 9828037 
2 Backup 9523027 
53 Cytimp Im OWS SEBOAT 
44 5-2 e628D41 
55 33 9626040 
56 Bacmup 9623028 
47 

$6 BL-9 (& Cyolme 3m UW St 9628051 
59 (G $2 5628050 
6a ad $3 9678049 
81 (a Backup 9=sezUis 
62 

63 Cycirp im DW St 9628054 
64 Sz 9628053 
65 $3 9628052 
777 Backup 9821039 
a 

& Cycamp im OW S+1 9828057 
5-2 SQ2ED56 
i) s3 628055 
1 ct Backup 9623040 
72 

13 BL-10 ib Cyeimp Im UWS 9825051 
74 tc S2 9628050 
74 fd 34 S28049 
76 (e Backup 9629018 
7 

78 (o Cycimp mW Ss SAZBCBO 
73 S-2 528059 
a 4 $3 9622058 
a Backup 9623042 
&2 

x3 Q Cyclmp 3m DW = «8-1 9628063 
“ & 82 9628062 
Bs 4d $3 9a2sos 
1) u Baciap 9673040 
a7 

aa BLA {> Cycimpimuw = $-1— OR 2AO4E 
aa (c $2 9628050 
50 (d $3 9828049 
Pi ( Bschp SeD0u1 
33 (g Cyclon ImOW 8-1 9628060 
MM fh 3a S280S5 
ss 0 Ko) 3620058 
Ps Backup ba23N8 
oA G Cyeamp3mDW $1 (9628062 
$8 ig §-2 9628062 
ed @ SJ 9628061 
104 tg Bacup 9423040 
162 
103 


104 (= Same Mer was used in BL-2.3,6. 
10$ (b,c,4,¢,! Same Giller was used in BL-9,10,11, 
106 (gnJ].) Same Alter was used in BL-10,11, 
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WIS 
342.02 
577.80 
3390.70 


990.03 
978.01 

$93.96 
36,75 


5227 

967.42 

985.97 
3364.20 


972.71 
$978.26 
$68.98 
137z0 


988.29 
901.62 
971.20 
MIS 


BELA 

574.73 

DBZIS 
3335.00 


900.68 
982.25 
989.77 
111.44 


$68.00 
971.48 
977,82 
3331.00 


968.54 
S73.(2 
SSS 58 
3941.48 


960.68 
962.96 
$89.77 
3314.80 


873.54 
983.72 
$61.32 
3369.80 


56746 

$7153 

BES 
we 


905.58 

982.96 

$89.77 
INt.40 


373.94 
S9e3,72 
381.32 
3359.00 


967,45 
971.53 
964.68 
3341 5S 


wn 


B-13 


112 JELD BLANKS 


113 

114 BL-5 Glass fiber S1 
195 Glass fiber S-2 
416 Glass fiber $-3 
{17 Quartz Backup 
118 

119 Glass fiber $-1 
120 Glass fiber S-2 
121 Glass fiber §-3 
122 Quanz Backup 
123 

124 Quartz Backup 
125 

12B 0 Ist sancing Glass fiber S-1 
127 Glass fiber S-2 
1268 Glass fiber §-3 
129 Quartz Backup 
140 

134 Glass fiber S-1 
132 Glass fber S-2 
133 Glass fiber $-3 
494 Quartz Backup 
135 

136 Quartz Backup 
i37 

138 2nd sanding Glass fiber S-t 
139 Glass fiber $-2 
140 Glass fiber $3 
141 Quartz Backup 
142 

143 Glass fiber S-1 
144 Glass fiber $-2 
145 Glass fiber $-3 
146 Quanz Backup 
147 

14B Quariz Backup 
149 

150 

151 

182 


153 Glass fiber 4 X5 blank average 5 0.52, Sx = 0,34 
154 Quartz blank average 2-1.05, Sx = 0.44 

165 

158 S8=R6-O8 

157 T8"§8-0.52 glass fiber 4 X 5, =S8+1.05 for quartz 


9628024 
9628023 
9628622 
9623013 


9628021 
9628620 
9628019 
§$623011 


" 9623016 


9628045 
9628044 
9628043 
$623032 


9626048 
9626047 
9628046 
9623033 


9623034 


9628066 
9628065 
9628084 
9621046 


9626069 
5624068 
9628067 
9623049 


9623050 


970.00 
974.44 
985.93 
3317.00 


988.30 
983.34 
996.55 
3346.75 


3381.56 


976.19 
865.73 
966.8? 
3373.45 


974.26 
973.78 
996.50 
3319.60 


3290.25 


964.21 

984.11 

966.64 
3361.40 


$80.63 
974.71 
963.17 
3295.00 


3333.80 


971.04 

975.49 

986.33 
3316.20 


944.85 
294.01 
996.54 
3346.30 


3381.00 


976.65 
965.87 
967.20 
3370.10 


974.53 
973.73 
996.99 
3318.40 


3288.45 


964.52 

96514 

969.48 
3360.00 


980.95 
975.30 
963,97 
3293.85 


3332.90 


B-14 
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CONDE AONEG 


35 Bold values indicate where blank corrected net filter weights are at least 3 times 
36 the standard daviation of the blank correction. 


37 


BL-3 


8L4 


BL-7 


BL-10 


BL-11 


Sampler 
Location 


Cyc/imp 3m UW 


Cyciimp 3m DW 


Cyc/lmp 3m UW 
Cyc/imp 3m DW 


Cyc/imp 3m UW 
Cyc/imp 3m DW 


Cyc/lmp im UW 
Cyc/iimp 3m DW 


Cyc/imp Im DW 
Cyc/lmp 3m DW 


Cycimp 3m UW 
CycAmp 3m DW 
Cycilmp 3m DW 


Cyc/lmp 3m UW 
Cyc/imp 3m DW 
CycAmp am DW 


Cyciimp 3m UW 
CycAmp Im DW 
Cycilmp 3m DW 


x 


Particulate Concentration (ug/m*3) 


Y 


less than stated size 


2.1 um 


13 
26 


19 
<7.B 


19 
26 


30 
56 


19 
5.2 


{02 um 


<24 
35 


<28 
<20 
27 
34 


42 
110 


<27 
{8 


<8.2 
<A7 


<82 


<82 
<5 
<18 


38 Vatues preceded by a < Indicate instances where at least one blank corrected net filter weight 


39 Is less than 1 standard deviation of the blank correction. The standard deviation of 
40 the blank correction ts used in place of the net filter weight to calculate the concentration. 


B-15 


Run Date 


BL-2,3,4 10/25-28/86 


BL-7 11/02/96 


BL-9,10 11/04-05/97 
(a 


{a 


(a Colocated sampiers. 


Sampler 
Location 


Dichot/T 3m UW 


DichoUT 3m DW 


DichavT 3m UW 


DichovT 3m DW 


DichovT 3m UW 
DichoUT 3m DW 


Dicho’/T 3m OW 


Sampler 
ID 


421707 


174242 


174242 


421707 


421707 
174242 


933057 


Sampler 
Run Time 
(min) 


566 


544 


248 


248 


230 


228 


228 


Aerosol 
Fraction 


Coarse 
Fine 
Coarse 
Fine 


Coarse 
Fine 
Coarse 
Fine 


Coarse 
Fine 
Coarse 
Fine 
Coarse 
Fine 


Flowrale 
(liter/min) 


1.67 
15.00 
1.67 
15.00 


1.67 
15.00 
1.67 
15.00 


1.67 
15.00 
1.67 
15.00 
1.67 
15.00 


B-16 


DBOnN Ana wn _ 


Run 


BL-2,3.4 


BL-7 


BL-9,10 


FIELD BLANKS 
BL-5 


1st sanding 


2nd sanding 


Sampler 
Location 


DichovT 3m UW 


OlchovT 3m DW 


DichovT 3m UW 


Dichov/T 3m DW 


DichayT 3m UW 
DichovT 3m DW 


DichoVT 3m OW 


Teflon 
Teflon 
Tefion 
Teflon 
Teffon 
Teflon 


Teflon 
Teflon 
Teflon 
Teflon 
Teflon 
Tefion 


‘Tefion 
Teflon 
Teflon 
Teflon 
Teflon 
Teflon 


Filter 
Number 


96291423 


9629124 
9629125 
9629126 


9629133 
9629134 
9629139 
9629140 


9629147 
9629148 
9628149 
9629150 
9629151 
9629152 


9629127 
9629128 
9629129 
9629130 
9629131 
9629132 


9629143 
9629144 
9629145 
9629146 
9629141 
9629142 


9629153 
9629154 
9629155 
$629154 
9629157 
9629158 


Teflon blank average = 0.01, Sx = 0.0103 


O8=N8-MB 
P8§=08-0.01 


R8=P9"1000/(15°0.001°F8) 


$8=(P8+P9)"1000/(16.7°0.001*F8) 


MRI-APPLIEDIR4291-02 


116.50 
117.29 
116.14 
116.47 
114.91 
415,77 


416.26 
117.08 
110.37 
413.92 
116.82 
116.14 


119.86 
114.68 
117.67 
115.99 
118.89 
116.92 


Final We 
(mg) 


112,52 
146.89 
118.42 
115.97 


120.77 
114,98 
414.08 
116.88 


114.21 
115,13 
117.98 
116.50 
415.89 
116,98 


116.51 
117.29 
116.15 
116.48 
114.92 
115.78 


116,28 
117.08 
110.39 
113.93 
116.84 
118.16 


119.B5 
114.67 
117.68 
116.00 
118.89 
116,93 


{eng) 


0,14 
0.05 
0.30 
0.11 


0.18 
0,07 
0.43 
0.07 


0.05 
0.03 
0.16 
0.03 
a.12 
0.01 


P 


W., after 
Blank 
Net WL = Correction 


(mg) 


0.13 
0.04 
0.29 
0.10 


0.17 
0,06 
0.42 
0.06 


0.04 
0.02 
0.15 
0.02 
0.11 
0.00 


R $s 


PM2.5 PM10 
Concentralion Concentration 
(ug/m*23) (ug/m*3) 

. 47 T= 48 a 
12 43 
16 56 
16 116 
5.8 16 
5.8 45 
) 29 


Bold values indicate where biank 
corrected net fiitar weights are at least 3 limes 
the standard deviation of the blank correction. 


B-17 


BM-2 -1/15-1697 (a 


WOOnNOMh Wh 


18 BM-3 —-2/22-23/97 (b 


25 BM+4 02/25/97 


32 BM-S 02/27/97 


39 BMS 03/02/87 


41 (b 


46 (b 


48 BM-7 3/15-16/97 


55 id 
57 BM-8 = -.316-17/97 


64 (b 


Sampler 
Location 


Cyclone 2m UW 
Cyclone 6m UW 
Wedimp 2m UW 
Wedding 2m UW 


Cyclone 2m OW 
Cyclone 4m DW 
Cyclone 6m DW 
Wedding 2m DW 


Cyclone 2m UW 
Cyciona 6m UW 


Cyclone 2m OW 
Cycione 4m DW 
Cyclone 6m DW 


Cydione 2m UW 
Cyclone 6m UW 


Cyctone 2m DW 
Cyciona 4m DW 


_Cyctona 6m DW 


Cydone 2m UW 
Cyclone 6m UW 


Cyclone 2m DW 
Cyclone 4m DW 
Cyclone 6m OW 


Cyclone 2m UW" 
Cydione 6m UW 
Wedding 2m UW 


Cydlona 2m DW 
Cyclone 4m DW 
Cyclone 6m OW 
Wedding 2m DW 


Cyelona 2m LW 
Cyclone 6m UW 
Wedding 2m UW 


Cyclone 2m OW 
Cydione 4m DW 
Cyclone 6m DW 
Wedding 2m DW 


Cyclone 2m UW 
Cyclone 6m UW 
Wedding 2m UW 


Cyclone 2m DW 
Cyclone 4m DW 
Cyclone 6m OW 
Wedding 2m DW 


Sampler 
“19 


70 
1599 


67 (a Electrical problems forced these samplers to be aborted. 


68 (b Sampler ran continuously. 
69 (¢ Electrical power failure. 


G 


Sampler Avg. Filter 


Run fime Pressure 


(min) 


1399 
1399 


1302 


176 
176 


135 
135 
135 


163 
163 


201 
201 
201 


147 
147 
720 


206 
206 
206 
654 


406 
406 
318 


450 
450 
450 
1341 


355 
355 
360 


416 
416 
416 
1369 


(in. H20) 


13.35 
12,57 


13.22 


13.63 
13.54 


13.32 
13.27 
13.47 


11.87 
13.36 


13.61 
13.58 
13.41 


13.52 
13.81 
13.46 


13.89 
13.94 
13.68 
13.13 


13.41 
13.74 
12.83 


13.60 
13.35 
13.85 
13.79 


14.40 
14.30 
12.49 


14.11 
14.15 
14,01 
14.14 


Nominal 
flowrate 
(acfm) 


40.00 
40.00 


40.00 


40.00 
40.00 


40.00 
40.00 
40.00 


40.00 
40.00 


40.00 
40.00 
40.00 


40.00 
40.00 
40.00 


40.00 
40.00 
40.00 
40.00 


40.00 
40.00 
40.00 


40.00 
40.00 
40.00 
40.00 


40.00 
40.00 
40.00 


40.00 
40.00 
40.00 
40.00 


B-18 


OONTDAHRYNE 


31 


MRI- APPLIED (R429 02 


BM-4 


BM-5 


BM-6 


BM-7 


BM-6 


Cyclone 2m UW 
Cyclane 6m Uw 


Cyclone 6m DW 


Cyclone 2m UW 
Cyclone 6m Uw 


Cyctone 2m OW 
Cyclone 4m OW 
Cyclone 6m DW 


Cyctone 2m UW 
Cyclone 6m UW 


Cyctone 2m DW 
Cycione 4m DW 
Cydione 6m OW 


Cyetone 2m UW 
Cydone mn UW 
Wedding 2m UW 


Cyclone 2m OW 
Cycione 4m DW 
Cycione 6m DW 
Wadding 2m OW 


Cyclone 2m UW 
Cyclone im UW 
Wedding 2m UW 


Cyclone 2m DW 


Cyctone 2m UW 
Cyetane 6m UW 
Wedding 2m UW 


Cyclone 2m DW 


Cyclone 4m DW 


Cyclone 6m DW 
Wedding 2m DW 


Cydone 


Wedding 


9622095 


9622105 
9622101 


6622162 
9622103 
9622104 


8622110 
9622109 


9622108 
5622107 
9622406 


8622111 
9622115 
9623065 


822312 
9822113 
9822114 
9623066 


9622117 
9622118 
9623070 


9622116 
9622119 
9622120 
9823072 


9622121 
9622122 
9623075 


9622123 
9633125 
9622124 
BEZ3074 


Cyclone blank average = -0.68, Sx = 0.43 
Wedding blank average = 0.78, Sx = 0.68 


P8=08-NAa 
Q8=P8-appropriate blank average 


§8=Q10"1000/125°G25°0,02832 
Ta=S8-enproprials upwind concentration 
V118T19°1E-07°U11"°G28°0.44704°S0 


4440.06 
4451.20 


4431.75 


4595.30 
4598.80 


4597.45 
4610.30 
4597.10 


4449.60 
4456.20 


4446.45 
4458.80 


4439.35 


4604.20 
4611.30 


4606.40 
4616.10 
4605.05 


4484.45 
4468.80 
3325.90 


P Qa 
W. after 
Blank 
NatWi.  Correctian 
(mg) (ng) 
§.10 §.72 
5.40 6.08 
7,60 8.29 
4.50 9.63 
12.60 43.18 
895 9.64 
5.80 649 
7.95 8,64 
17.60 18,28 
16.90 16.59 
39,15 38.84 
0.35 1.04 
16.15 16.84 
19.56 20.24 
5.10 5.79 
30.00 28,22 
8.05 6.74 
12.90 13.53 
16.25 16.94 
27,58 26.77 
11,90 12.56 
13.35 14.04 
11,06 10,27 
27.05 27.74 
19.46 20.14 
13.40 14,09 
26.95 36.17 
685 7.54 
3.40 4.09 
6.45 5.67 
12.30 12,69 
12.40 13,09 
13.40 14,09 
24.45 23,87 
0.15 
0.15 
0.05 
0.36 
OAS 
-1.10 
-0,75 
0.95 
-1.30 
1.55 
-0.80 
0.75 
0.80 
O80 
0.75 
1.60 
1.30 
0.25 
1.25 
0.35 
0.05 


PM10 
Concentration 
(upém*3) 


T 
PM10 


Concentration Mean Wind 


(upwind 
carrectad) 


u 


v 


PM10 
Exposura 


1.8 


oom 


oog 


o2o00g 


13 
18 


56 


34 
42 
46 


nO data 
he gate 
no deta 


36 
4A 
49g 
36 


2.8 
3.4 
3.8 
2.8 


3.5 
43 
4.8 
35 


0.0352 


B-19 


B 
2 
3 
4 
5 
6 Run 
7 
8 BM-2 
9 
10 
$f BM-3 
12 
43 
14 aN-4 
15 
18 
17 BM-5 
18 
19 
20 BM-6 
ai 
22 
23 8M-7 
24 
25 
26 : 
27 BM-8 
268 
29 
30 


Dates 


222-297 


02/25/97 


02/27/97 


03/02/97 


3/15-16/97 


3N6-17/97 


11S-18/87 


(a 


(ib 


{ce 
{c 


31 (@ Sampler can conlinuously. 
32 (Db Motor failed curing lhe nun. 
33 (c Sampler operated at a very low flow rate. 


Sampler 
Location 


Wed/imp 2m OW 


Wed/imp 2m DW 
Wed/imp 2m OW 
Wed/imp 2m UW 


WedImp 2m OW 


Wed/lmp 2m UW 
Wed/imp 2m OW 


Wed/imp 2m UW 
Wed/Imp 2m DW 


Wed/imp 2m UW 
Wed/imp 2m DW 


F G 
Sampler 
Ssmples Run Time 
Io (min) 
1598 14123 
1596 1303 
1598 135 
1600 163 
1598 
1600 147 
1598 206 
1600 406 
3598 450 
1600 355 
1598 416 


Avg. Filter 
Pressure 


(in. R20) 


43.50 


13.44 


43.37 


13.22 


43.87 
13.86 


14.21 
14.19 


Nominal 
flowrate 
(tt4Almin) 


40.00 


40,00 


40.00 


40.00 
40.00 


40.00 
40.00 


B-20 


UA Sed AHeRvONG 


12 


59 Wed/imp 4 x § blank average = 0.02, Sx = 0,23 


Run 


BM-3 


6M-5 


Bu-? 


BM-8 


FIELD BLANKS 


Samoler 
Location 


Wed/imp 2m OW 


Wedamp 2m OW 


Wed/Imp 2m Diw 


Wed/Imp 2m UW 


Weds/imp 2m UW 


Wed/imp 2m DW 


Wed/ime 2m UW 


Wed/Imp 2m DW 


Wed/tmp 


Stage 
Number 


S14 
8-2 
Backup 


S-1 
$-2 
Backup 


S1 
§-2 
Backup 


S-1 
$-2 
Backup 


S-1 
§-2 
Backup 


S-1 
8-2 
Backup 


S41 
$-2 
Backup 


S-1 
S$-2 
Backup 


S41 
S-2 
Backup 


S-1 
$2 
Backup 


31 


S-2 
Backup 


5-1 
S-2 
Backup 


Fikes 
Number 
9628077 
9628076 
96230548 


9628079 
9628078 
9623059 


9628081 
$628080 
9623060 


9628085 
9628084 
9623062 


9628087 
9628096 
9623073 


9628090 
9628081 
9623068 


9628101 
9628100 
9623077 


9628059 
9628098 
9623076 


9628071 
9628070 
9623053 


9628073 
6628072 
9621054 


9626102 
9628103 
9623062 


9628105 
9628 104 
9623084 


60 Wed/imp backup blank average = 0.49, Sx = 0.67 


a1 
52 


Q8=P8-08 


63 RB=Q8-0.02 for 4 X $, =S8-0.49 lor backup 


MRI-APPLIEDR4291 -02 


(e) Pp Qa 

TareWi. FinatWt. = Nel. 

(ma) (rma) (ng) 
B6715 968,05 0.90 
948.83 940.85 2.02 
3364.20 3377.90 13.70 
950.77 951.41 0.64 
962.12 $63.87 1.75 
3313.35 3324.10 10.75 
948.36 945.94 0.58 
961,95 $63.53 1.58 
3354.30 3361.35 7.58 
959.70 960.15 0.45 
956.15 959.68 3.51 
3356.95 3464.20 7.25 
954.58 954.29 -0.29 
945.92 948,74 0.82 
3326.75 3335.00 8.25 
955.83 958.62 2.79 
947.99 848.08 0.07 
3348.60 3360.25 11.65 
949.50 549.41 6.71 
936,55 938.08 1.3 
3356.70 3460.55 3.98 
937,03 938.96 4.55 
943.96 946,27 2.31 
3338.20 3345,55 7.35 
973.34 973.40 0.06 
960.59 $60.32 -0.27 
3372.00 3372.60 0.80 
960.58 $60.60 0.62 
966.24 966.02 O22 
3348.66 349,85 1.25 
9$1.29 951.27 -0,02 
841.87 941.64 -0.03 
3310.20 3316.35 0.15 
945.55 946.02 0,47 
b39.89 540.41 0.12 
3286.96 3266.65 0.25 


WI. afier 
Blank 
Correction 


0.88 
200 
13.21 


0.62 
4.73 
10,26 


0.56 
1.56 
7.06 


B-21 


DAV Rwmauny 


ai 


22 Bold values indicate where blank corrected net filter weighis are af least 3 times 


Sampler 
Localion 


Wed/imp 2m DW 
Wed/Imp 2m DW 
Wed/imp 2m OW 
Wed/imp 2m UW 


Wed/Imp 2m UW 
Wed/Imp 2m OW 


Wedimp 2m UW 
Wed/imp 2m DW 


Vv 


w 


Particulate Concentration (ug/m*3) 
less than slated size 


3.0 um 


AR TSS TESS Se eee 


10 


7.0 


46 


7 


23 the standard deviation of Ihe blank conection. 


24 


25 Values preceded by a < indicate instances where ai least one blank corrected net filer weight 
26 is less than 1 standard deviation of Ihe blank correcilan, The standard deviation of 
27 the diank correction is used In place of Ihe net filler weight lo calculate the concentralion. 


10 um 
13 
8.5 
60 
58 


<19 
<28 


14 
24 


B-22 


oOoraina wp 
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BM-2 


BM-3 


BM4 


BM-5 


BM-5 


BM-7 


BM-8 


Dates 


01/15-16/97 


02/22-23/97 


02/25/97 


02/27/87 


03/02/87 


03/15-16/97 


03/16-17/97 


Sampler 
Location 


Minivol/T PM2.5 2mUW 
Minival/T PM10 2mUW 


MinivoVT PMZ5 2mOW 
Minivol/T PM10 2mOW 


Minivol/T PM10 2mUW 
Minivo/T PM10 2mOW 
Minival/T PM10 2mUW 


Minivo//T PM2.5 2mODW 
Minivol/T PM10 2mOW 


Minivol/T PM10 2mMUW 


Minivol/T PM2.5 2mOW 
Minivol/T PM10 2mOW 


Minival/T PM2.5 2mUW 
Minivol/T PM10 2mUW 


MinivovT PM2.5 2mDW 
Minivol/T PM10 2mOW 


Minlvol/T PM2.5 2mUW 
Minivol/T PM10 2mUW 


MinivoVT PM2.5 2mDW 
Minivel/T PM10 2mDW 


MinivoV/T PM2.5 2mUW 
Minivol/T PM10 2mUW 


MinivoUT PM2.5 2mOW 
Minlvol/T PM10 2mDW 


Sampler 
Ts) 


624 
623 


620 
621 


623 
621 


622 


Sampler 
Run Time 
(min) 


1281 
1280 


1189 
1198 


1327 
1293 
758 


711 
782 


768 


767 
768 


682 
752 


758 
153 


1333 
1337 


1339 
1331 


1372 
1370 


1378 
1378 


ss 


Flowrate 
(litesémin) 


§ 
§ 


4 


B-23 


Run 


BM-2 


BM-3 


BM-4 


BM-5 


BM-& 


BM-7 


BM-8 


FIELD BLANKS 


Sampler 
Location 


Minivol/T PM2.5 2mUW 
Minivo/T PM10 2mUW 


Minivol/T PM2.5 2mDW 
Minivo/T PM10 2mOW 


Minivol/T PM10 2mUW 
Minivol/T PM10 2mOW 
Minivol/T PM10 2mUW 


Minivel/T PM2.5 2mDW 
Minivel/T PM10 2mOW 


Minivol/T PM10 2mUW 


Minivol/T PM2.5 2mDOW 
Minivol/T PM10 2mOW 


Minivol/T PM2.5 2mUW 
Minivol/T PM10 2mUW 


Minivot/T PM2.5 2mDW 
Minivol/T PM10 2mDW 


Minivol/T PM2.5 2mUW 
Minivel/T PM10 2mUW 


MinivoVT PM2.5 2mOW 
Minivel/T PM10 2mOW 


MinivoV/T PM2Z.5 2mUWw 
Minivol/T PM10 2mUW 


Minivol/T PM2.5 2mDW 
Minivol/T PM10 2mOW 


Tefion 
Tefion 
Teflon 
Teflon 
Teflon 
Teflon 
Teflon 
Teflon 


Taflon blank average = 0,02, Sx =0.019 


N8=MB-LB 
OB8=N8-0.02 


QB<08°1000/(5°D.001 “F8) 
R920971000/(5°0.001°F3) 


Filter 
Number 


9625005 


9625008 


9625007 
9625008 


9625016 
$625012 
8625015 


9625011 
9625013 


9625016 


9625009 
9625014 


9625020 
9625017 


9625019 
9625018 


9625024 
9625022 


9625025 
9625021 


9625027 
9625023 


9625028 
9625026 


9625001 
9625002 
9625003 
9625004 
9625032 
9625029 
9625031 
9625030 


M N a) P Q R 


Wt after 
Blank PM2.5 PM10 
Final WA. NetWt = Correction Conceniration Concentration 
(ma) {mg} (mg) (ug/m*3) (ug/m’3) 
152.60 0.20 0.18 28 
156.33 0.15 0.13 20 
161.91 0.24 0.22 37 
187.03 0.26 0.24 40 
150.75 0.13 0.17 26 
455.72 0.17 0.15 23 
152.51 0.23 0.21 55 
158.71 4.24 1.22 343 
1586.74 0.11 0.09 23 
152.43 0.40 0.38 93 
152.80 3.04 3.02 TR7 
151.34 -1.26 -1.26 0 
148.15 0.04 0.02 4.9 
153.84 0.07 0.05 13 
149.46 0.04 0.02 §.3 
458.47 0.17 0.15 196 
150.38 0.11 0.09 14 
186.62 0.19 0.17 24 
149.93 0.05 0.03 45 
{60.12 0.23 0.24. 32 
190.67 O40 0.08 12 
153.48 0.19 0.17 ‘ “25 
189.09 0.08 0.06 8.7 
192.64 0.50 0.48 70 
170.27 0.04 Bold values indicate where blank corrected 
170.03 0.02 net filler weights are at Jeast 3 times the 
160.93 0.00 standard deviation of the blank correction. 
149.96 0.04 
149.86 0.03 
185.55 0.01 
149.25 -0.02 
177.37 0.03 
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Illustrated below is an example of use of the PM-10 standard deviation of the blank 
correction in place of the net filter weight to calculate the particulate concentration. This 
occurs whenever at least one blank-corrected net weight is less than 1 standard deviation of 
the blank correction. The same is true when ever the blank-corrected net weight is 


negative. 


This example is based on the determination of PM-10 concentration from the 
downwind MiniVOL sampler (Teflon filter) with a 2 m sampling height. 


Normally the PM-10 concentration would be calculated as follows: 
PM-10 Concentration = Blank corrected net weight/(flowrate)(sampling time) 
= {(- 1.28 mg)(1000 pg/1 mg)}/{5 L/1 min)(0.001 m/1L) (768 min)} 


= -333.3 pg/m> 


Now, using the SD of the blank filters (=0.019 mg): 
PM-10 Concentration = {(0.019 mg)(1000 yg/1 mg)}/{5L/1 min)(0.001 m°/1L)(768 min)} 
= 4.9 g/m? 


Thus, the PM-10 concentration is assigned a value of < 4.9 pt g/m? in Table 23 of the report. 
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Appendix C 


Example Exposure Profiling Calculation 


This appendix presents an example calculation to convert exposure profiling data to a 
PM-10 emission factor. The calculation is given for Run BL-7, which was one of the 
correlation study test runs selected for chemical/morphological analysis of collected 
samples. 
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Calculation of PM10 emission factors begins with determination of net (i.e., downwind minus 
upwind) concentrations. Run BL-7 serves as an example. From Table 18, the following 
concentration data are found 


Height Downwind PM10 Concentration Upwind PM10 Concentration 
(m) (ug/m) (ugin3) 
2 109 43 
3 79 
5 66 37 
7 30 
75 59 
10 42 


The average upwind concentration -- 37 (j1g/m3) — is subtracted from the downwind values to 
obtain the following 


Helght Net Dowmwind PMi10 
(m) Concentration (ug/m3) 
2 72 
3 42 
5 29 
7.5 22 
10 5 


"Next, the net exposure is found in the manner described in Equation 9: 


Ejg=107xCUt 


where Ejg = PM10 exposure (mg/cm) 
Cc = net concentration (yg/m3) 
U = approaching wind speed (m/s) 


t = duration of sampling (s) 
For Run BL-7, the following values of exposure are found: 


Height Net Downwind 


(m) PMiO PM10 Exposure 
Concentration Wind Speed Duration> (m-mg/cm2) 
(ug/m3) (s) 
2 72 4.1 0.49 14,900 0.0526 
3 42 1.5 0.67 is 0.0419 
§ 29 2.0 0.B9 * 0.0386 
7.5 22 2.4 11 = 0.0351 
10 5 2.7 1.2 a 0.00898 


3 Values taken from Table 17. First value in mph, second in m/s. 1 mph = 0.447 m/s. 
b Test duration of 248 minutes taken from Table 16. 


The integrated exposure is found by integrating the exposure over the effective height of the 
plume. As noted in connection with Equation 10, 
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e The plume height is found by extrapolating the net concentrations at the uppermost samplers 
to a value of zero. For Run BL-7, linear extrapolation of 22 ug/m3 (at the 7.5-m height) and 
5 ug/m> (at the 10-m height) leads to a value of 0 ug/m3 at a height of 10.7 m. 


e The exposure at ground level is set equal to the exposure at a height of 1 m. For Run BL-7, 
linear extrapolation of 0.0419 m-mg/cm2 (at the 3-m height) and 0.0527 m-mg/cm2 (at the 
2-m height) leads to a 1-m exposure value of 0.0635 m-mg/cm2. 


The integration is accomplished by adding together the areas shown in Figure C-1: 


No. Area (m-mg/cm2) 
0.0031 
0.0551 
0.0921 
0.0805 
0.0473 
0.0584 
0.0835 


NOOO LhWON = 


Sum = 0.3997 


The emission factor is found by dividing the integrated exposure (0.3997 m-mg/cm2) by the 
number of vehicle passes. For run BL-7, a total of 12,299 vehicle passes is found from Table 17. 
Thus, the emission factor for BL-7 is found from Equation 11 by 


0 
) 


104 0.3997 / (12,299) 


K 


0.325 g/VKT 
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w 


Helght (m)} 
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© Extrapolated Valve 


0.01 0.02 0.08 0.04 0.065 0.06 
PM10 Exposure {mg/cm2) 


Figure C-1, Exposure Profile for Run BL-7 
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Appendix D 


Field and Laboratory Data for Silt Loading 
Determinations 
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Fieid and Laboratory Data for Silt Loading Determinations 


ar | ee ee See ee ee 

$$$ ——— hee See Ce] ee ge _ Wei on | 

PC Vacuum Bag [ Sample Area | #of | Weight | Weight [Weight 

ae eee =e ey Sl a) ge) re) ee 
te ape oe a ee te 


fe 
05108957 | aspen [aga ea 
| 03/09/97 | aspen | _45_—«| SSCA 

- 03/09/97 | aspen | 845 | 284 | 1 | 60.9 | 859.3 | 72.4. | 47.7 
[03709197 | aspen | 849 -| 465 | 0 | 61.7 | 232.1 | 681 | 0.9 _| 
[03/19/97 [aspen |___@47__ | 286 | 1 | 60.6 | 14175 | 09.2 | 41.0 
03/30/57 | aspen | 304. [| 51 | 0 | 610 | 703 | 09.0 | 60.4 
- 03/20/97 | aspen | 306. | 14 | 0 | 593 | 402.2 | 68.4. | 52.2 
[—osra0/e7 aspen [#30 [80 oo. 683.2 ara 8.6 
[03720797 | aspen [837 on. 09.8 a4 
3/19-2097 | aspen [11-6 | 577 | 0 | 381 | 1087 | 6.2. | m2 
[NTA] aspen [300 is fo (393 219.0 66.1 a 
39.7 637.5 o7.6 
| 11/1596 __| jewel [709 | 221.6 | 60.6 87.2 OI 
iiss [ewe as 
y 12731796 | “jewell | 26 | sit | 1 | 597 | 1265.6 | 66.4. | 28.0 _| 
P17/2196_| jewell_| 833. | 502 | 1 | 60.6 | 13952 [675 | 902 
y12/21796_| jewel [834 |__ 50.2 | 2 | 604 | 1004.7 [| 686 | 75.2 
/ 1272196 [jewel | 35. [| sii -| 0 | 612 | 95 [| 9 | 105 
y17/22196 [Jewell | 29 | 208.1 | ot | 610] ~—Ci OSC) 
- 17/93/96 | jewel | 804] 1598 | 1 | 003 | 23 | 02 | 478 
- 12/23/56 | jewell_ [836] 2341 | 1 | 604 | 1485.1 [70.7 | 804 | 
12/24/96 | jewell_| 800 | 2044 | 1 | 60.6 | 17760 | 71.0 | 60.2 _| 
[12/34/97 | jewell | 805 | 1519 | 1 | 598 | 10422 | 70.7 | 61.8 | 
[10/24/96 [kipling | 722 | 740.9 | 0 | 006 | 15.5 | 5 | 105 | 
110ai96 | “pling [719 | aa. fs Yonago a 
P1y04i96 | eiling | rab Pao seh apes se 
[11705796 | kipling | 714 | 153.3. | 0 | @2.1 | 984 [| «48 | 32 | 
- 11/06/96 | kipling [715] 77.9 | 0 | @.0 | 146.5 | 65.6 | 89 
- 02/25/97 | kipling | 815 | $3.6. | 0 | 005 | 1083 | 04 | 15.4 | 
- 02/35/97 | kipling | 816 | 83.6 | 0 | 008 | 234 | @24 | 22 | 
- 02/25/97 | kipling [| 821 | 794 | 0 | 998 | 3075 | @4 | 15.3 
03/02/97 | kipling [20 | 95.7 | 1 | 399 | 23812 | 04.7 | 31.0 _ 
- 03/03/97 | kipling [818 | 864 | 1 | 60.0 | 2132.8 | 66.8 | 28.4 | 
[03/5/97 __| kipling | 823 | 906. | 0 | 596 | 2563 | 652 | 65 
031597 | kipling | 48 | 92 | 0 | 004 | 929 | 68.3 | 76 
praise sper [995 on. Foe 995.9 6680 
a a eS a es a 
P1114/96_|_speer__[ 713. | 339.2 | 0 | 612 [loll 
320186 apse [808 
| 12/2096 | speer_|71_| 732 | 0 | 600 | 3482 | 672 | 164 | 
- 12/20/96 | sper] 806] 392 | 0 | 595 | 25 | 662 | 39.9 | 
- 13/2096 | sper] 807 | 392 | 1 | 600 | 1194 | ™0 | 39.6 
[1772196 | sper | 801 | -@27_-| 2 | 00.0 | 16516 | 71.0 | 65.8 
/ 13/21/96 | speer_| 802 | 7 | 0 | 000 | 469 | 673 | 0.4 
- 17/2196 | _speer | #32—S«dYSCSC~CS|SC~dY~CO,SCiSCYSCC CYC CCC 
12722796 | sper] 803. | 198 [| 0 | 603 | 490.0 | 684 | 910 
| 12/24/96 [sper | 839 | 1248 | 0 | 993 | 779 | 062 | 39.1 __ 


Field and Laboratory Data for Silt Loading Determinations (continued) 


eS ee Ss es eS 
a -“Samupie | Unresovered_| Si [Total | Bound —] 


oe ramm [receeet |S cotati [Si oat 
SSS aieeed ann iets SSIES eee! eee 
| 030997] _aspen_| 822 ~~ TCC CdYSCOBOC 
[03/09/97 [aspen | _840__-| 47.7 [| 3.0 | 166 | 33 | 0.55 
HS 5 
505757 813 ist ay 
03719797 | aspen | ___47__| 64.1] 86] 66 | _a7a__] 3.13 
03790797 —| aspen [3047004 [809.7 88. sa 
[03/20/51 aspen [306 [32.599 59 


_37_—=« 
Nia sepen—t 300 so} as a 
1171586 —|~ewell— [723367 ns 
27196} jewel 35] 308.6 87 0 os te 
[77791796 | —jewell |___833__| 60.8 [6.9 18.0 833 

56 | jewel [| 834 | 355.7 | 82 | 216 | 308 | 663 
—aaas6 —| evel [985 36 397 808 os 
| 12/32/96 | “jewell_ | ___ 829 | 3324 [| 58 | 69 | 37 [| 025 | 
| 13793796 |_jewell_| 804. | 571.0 | 89 | 90 | 76 | 00 | 

[jewel | 836 | 599.6 | 103 | 140 | 61 | 088 
tars —| “ever — 900 —| 910 19. “79 | be} 3. 
| 12724197} jewel | 805 | 3854 | 109 | 119 | 78 | 093 _| 
[1079886 | “Kipling [Tat 18.8 as] 0 
- 10724796 [kipling | __722__ | _301_[ 3.9 | 26 | 01 | 00 | 
[29s ping 718 —} sass 2 [038 


a 


-_02/95797 | “lapli 
“oaneT {ping | 817 {10.8 |} 0 
0302157 [olin [20] ah a 9 os 
[98708787 —| kipling [818 [10788 30 9 371 
[05/15/97 | apling | 823 [190.5 PS. 6 ts 
aa Ie cepeer 1 — nos 
[1i714796__|—-speer_| 706 | 1595 | 63 | 400 | 07 [| 030 | 
Pn a/o6— | speer | 3 36.2 30200 
[12720796 | sper] _710__| 617 | 42 | 161 | 09 | 0.14 | 
y 12720796 | sper] 711 | 281.0 [72 | 82-| 3.9 | 032 
[12790786 | speer | 8069060 [6.7 asf 3.6 079 

O756 
2/8086 —[~speer [ao | 0s a gas ae 
[12/2196 | sper | 832 | 332.6 | 55 | 64 | 68 | 043 | 
12/22/96 | sper | 803. | 419.5 [| 81 | 232 | 24 | 035 | 
| 13724796 —speer_[ 839 | 708 | 69 | 64 | 38 


